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LASER  PROPOLSION; 


RESEARCH  STATUS  AND  NEEDS 

Mifcat  A.  Birkan 

Air  Force  Office  of  Scientific  Research 
Bolling  Air  Force  Base 
Washington,  DC  20332-6448 

ABSTRACT 

Laser  Propulsion  consists  of  using  energy  from  a  remotely  located 
laser  to  heat  a  low  molecular  weight  gas  to  extremely  high 
temperatures  then  expand  the  gas  through  a  nozzle  to  provide 
thrust.  Because  of  the  potential  for  significantly  higher 
specific  impulse  than  chemical  propulsion  and  adequate  thrust  to 
provide  reasonable  transit  times,  laser  propulsion  can  be 
considered  for  a  wide  range  of  mission  applications.  This  article 
is  an  overview  of  the  status  of  Continuous  Laser  Propulsion  and 
is  based  on  the  AFOSR  Laser  Propulsion  Workshop  held  at  the 
University  of  Illinois  on  8-10  February  1988  and  review  of  recent 
literature.  It  describes  some  of  the  challenges  and  opportunities 
for  close  collaboration  among  of  fluid  mechanics,  optics  and 
plasma  physics  basic  research  areas. 


1.  INTRODUCTION 


The  ability  to  petfottn  ambitious  space  operations  is  strongly 
linked  with  heavier  payloads  requiring  higher  specific  impulse 
propulsion  systems.  Laser  propulsion  offers  the  potential  for  a  3 
fold  increase  in  specific  impulse  over  chemical  rockets  with 
adequate  thrust  to  provide  reasonable  transit  times^.  A  major 
advantage  of  laser  propulsion  is  the  combination  of  high  thrust 
and  high  specific  impulse  without  the  need  for  a  heavy  onboard 
power  source.  In  Figure  1/  Laser  propulsion  is  compared  with 
chemical  and  ion  propulsion  as  well  as  potential  advanced 
concepts  including  solar,  magnetoplasmadynamic  (MPD) ,  nuclear  and 
hybrid  plume.  Thrust  density  is  defined  as  the  force  per  unit 
area  of  nozzle  exit.  This  allows  comparison  of  several  propulsion 
systems  with  different  nozzle  sizes.  Payload  fraction  can  be 
expressed  as^, 

Payload  Mass  ,  Av  .  ( 1 ) 

- =  exp(  -  ■  I  --  )  ' 

Total  Initial  Mass 

where  j^v  is  the  velocity  increment  required  for  the  specified 
orbit  transfer  (6000  m/s  for  Low  earth  orbit  to  geosynchronous 
Earth  orbit) .  The  parameter  g  is  the  gravitation  constant  (“10 
m/s)  and  the  specific  impulse,  I^p,  of  a  rocket  type  thruster  is 
defined  as. 


(2) 


is  the  average  velocity  of  the  exhaust  propellant.  For  each 
system  seen  in  Figure  1,  the  optimum  specific  impulse  was  used  in 
Equation  1  rather  than  the  theoretical  limit.  The  optimum 
specific  impulse  for  the  laser  propulsion  system  was  chosen  to  be 
2000  s  because  frozen  flow  losses  become  significant  above  this 
value^.  By  contrast,  the  optimum  specific  impulse  for  an  electric 
propulsion  system  which  must  carry  its  own  power  (ion,  MPD,  and 
hybrid  plume)  depends  upon  the  relative  masses  of  the  propellant 
and  power  supply  as  seen  in  Figure  2  The  ratio  of  power  source 

mass  to  the  initial  mass  can  be  written  as 

Power  Source  Mass  fa) 

- =  p„AVgl,p/t  '‘O’ 

Total  Initial  Mass 


where  t  is  the  trip  time  which  can  be  approximated  as^, 

\7L  Total  Initial  Mass  x  Av  (4) 

Thrust 

Pj.gis  the  combined  power  matching  and  thruster  efficiency.  Hence 
power  source  weight  is  linearly  proportional  to  the  specific 
impulse.  It  should  be  noted  that  the  propellant  mass  fraction 
which  is  propellant  mass  f raction=l-payload  fraction  is  also 
shown  on  the  same  figure.  The  intersection  of  two  curves 
determines  the  optimum  specific  impulse  for  a  particular 


FIGURE  2 


propulsion  system. 


Major  components  of  a  typical  continuous  laser  propulsion  system 
are  seen  in  Figure  3  The  laser  source  can  be  either  on  the 
earth  or  in  space.  A  terrestrial  laser  source  has  easier  access 
to  electrical  power  and  the  weight  of  the  system  is  less 
important.  However,  an  earth  based  laser  beam  must  be  transmitted 
through  the  atmosphere  which  could  obscure  the  beam.  Although  it 
eliminates  the  problem  of  atmospheric  transmission,  a  space-based 
laser  requires  a  massive  power  source  in  orbit.  Future 
space-borne  lasers  are  assumed  to  be  solar  or  nuclear  powered®'^; 
however,  the  major  cost  of  these  systems  is  the  earth- to-orbit 
launch  costs.  The  laser  beam  is  collected  and  concentrated  by  a 
system  of  mirrors,  then  enters  the  absorption  chamber  through  a 
window,  and  is  absorbed  by  the  propellant.  After  heating,  the 
propellant  exits  via  a  nozzle,  producing  thrust®. 

Continous  laser  propulsion  uses  a  steady  state  (or  quasi-steady) 
plasma  to  absorb  the  energy  of  a  laser  beam  through  inverse 
bremsstrahlung  to  heat  a  propellant  gas  to  exteremely  high 
temperatures  (15000  to  20000  K)®.  If  the  working  gas  is  hydrogen, 
a  specific  impulse  of  1000  to  2000  seconds  can  easily  be 
obtained^' Temperatures  in  the  center  of  the  hydrogen  plasma 
can  exceed  15000  K,  and  if  the  plasma  were  allowed  to  fill  the 
entire  absorption  chamber,  heat  losses  through  the  chamber  walls 


FIGURE  3 


would  be  enormous  and  damage  likely.  The  preferred  approach  is  to 
use  a  dual-flow  arrangement®^^®#  as  shown  in  Figure  4  In  this 

concept  a  plasma  is  maintained  in  the  central  core  of  the  chamber 
and  an  annulus  of  cold  hydrogen  flows  around  the  plasma# 

isolating  it  from  the  walls.  Downstream  from  the  plasma  is  the 
mixing  region  where  the  hot  and  cold  flows  combine  to  give  a 
uniform  temperature  at  the  entrance  to  the  throat.  The  main 
reason  for  the  two  flows  is  to  minimize  heat  losses  to  the 

chamber  walls.  The  cold  flow  is  designed  both  to  prevent  the 

plasma  from  contacting  the  walls  and  to  absorb  some  of  the 

radiation  given  off  by  the  plasma.  Heat  loss  is  considered  to  be 
a  major  problem#  and  large  devices  could  lose  nearly  half  of  the 
incident  laser  energy  to  the  walls. 

In  addition  to  continuous  laser  propulsion  there  exists  two 
related  propulsion  schemes  which  will  not  be  covered  in  detail  in 
this  paper.  They  are  double-pulse  laser  propulsion  and  microwave 
propulsion.  Double-pulse  laser  propulsion^^#  uses  a  transient 
detonation  wave  to  provide  thrust.  A  surface  layer  of  solid 
propellant  is  vaporized  by  a  low-power  pulse  which  is  followed  by 
a  larger  main  pulse  that  heats  the  vaporized  fuel  by  inverse 
bremsstrahlung  absorption.  Thrust  is  generated  using  the 
expansion  of  the  exhaust  against  the  flat  base  of  the  launch 
vehicle  as  shown  in  Figure  5  Pulsed  detonation  wave 

propulsion  has  been  considered  for  earth-to-orbi t  launch  systems 


and  a  specific  impulse  of  800  s  and  40%  energy  efficiency  are 
anticipated^^.  The  characteristic  laser  power  required  is  I  GW  or 
larger  to  launch  useful  payloads  from  Earth  and  the  flux  required 
to  efficiently  start  a  laser  supported  detonation  wave  is 
approximately  2x10^  W/cm^  at  10  micron  and  increases  roughly 
linear  with  laser  frequency^"*. 

Microwave  propulsion  is  an  alternative  continuous  beam  propulsion 
system.  The  microwave  energy  is  absorbed  by  a  gas  in  a  microwave 
guide/  a  resonant  cavity^^/ 16-20^  3  coaxial  microwave 

plasmatron^^,  or  a  plasma  "flame  front"  region  similar  to  a 
combustion  wave^^"^**.  Although  one  can  generate  microwaves  with 
high  efficiency  (up  to  85%  and  high  absorptivity  (up  to  99.5% 
,  beamed  microwave  energy  is  limited  to  short  generator  to 
thruster  distances  because  the  longer  wavelength  beam  spreading 
is  orders  of  magnitude  more  than  for  laser  wavelengths. 

2.  CURRENT  STATUS  OF  LASER  SYSTEM  TECHNOLOGY 

The  missions  that  can  be  performed  by  laser  propulsion  depend  a 
great  deal  on  the  laser  power  available  and  beam  transmission 
quality.  The  current  status  of  these  issues  are  reviewed  in  this 


section . 


?.,l.  AVAILABLE  LASERS 


For  useful  payloads,  the  required  laser  power  is  10  MW  for 
orbit-to-orbit  maneuvering  and  1  GW  for  ear th-to-orbi t 
launching^^.  Current  lasers  can  deliver  power  levels  of  less  than 
a  megawatt  which  is  orders  of  magnitude  below  the  requirement. 
Scaling  to  the  higher  powers  required;  however,  seems  to  have  no 
fundamental  limitations.  Lasers  capable  of  producing  these  higher 
power  levels  have  been  under  development  for  weapons  applications 
for  a  number  of  years,  and  several  different  laser  technologies 
have  been  proposed. 

The  earliest  development  efforts  were  directed  toward  continuous 
electric  discharge  and  gasdynamic  carbon  dioxide  lasers  operating 
at  a  wavelength  of  10.6  microns^”.  Electric  discharge  lasers 
evolved  to  electron  beam  pumped  transverse  flow  systems  that  are 
currently  used  for  industrial  processes.  Chemical  lasers 
operating  at  wavelengths  from  2.5  to  4  microns  using  hydrogen  and 
deuterium  fluoride  have  been  reported  to  operate  at  powers  in 
excess  of  2  MW^®.  Some  large  high  average  power  carbon  dioxide 
pulsed  laser  systems  have  been  developed  with  microsecond  pulse 
duration  and  repetition  rates  of  tens  of  Hertz  to  kilohertz. 
Recently,  there  have  been  some  efforts  to  develop  short 
wavelength  (ultraviolet)  excimer  lasers  into  high  average  power 


pulsed  systems^”. 


The  advent  of  the  Strategic  Defense  Initiative  (SDI)  has 
accelerated  the  development  of  high  average  power  free  electron 
lasers  (FEL)  and  the  concept  of  large  phase-locked  diode 
arrays^^.  In  principal,  the  FEL  (Figure  6  can  operate  over  a 
wide  range  of  wavelengths  from  tenths  of  a  micron  to  more  than 
ten  microns  and  at  efficiencies  greater  than  60%  using 
electrostatic  accelerators  This  is  greater  than  the  20%  and 
10%  efficiencies  cf  carbon  dioxide  and  chemical  lasers 
respectively  There  ate  two  basic  types  of  FEL  currently  under 
development  for  high  power  applications:  the  induction  linear 
accelerator  (linac)  and  RF  linac.  The  induction  linac  amplified 
laser  pulse  has  a  duration  of  tens  of  nanoseconds  and  have  a 
repetition  rate  of  a  few  kilohertz.  The  RF  linac  FEL  has  a  pulse 
format  consisting  of  a  train  of  pulses  of  tens  of  picoseconds 
duration,  and  a  repetition  rate  of  tens  to  hundreds  of  megahertz. 
The  short  interpulse  time  of  the  RF  Linac  free  electron  laser 
gives  a  quasi-steady  output  that  may  be  suitable  for  propulsion 
systems  utilizing  continuous  laser  sustained  plasmas  . 

Lee^  discusses  the  details  of  a  solar-pumped  laser  (Figure  7).  He 
concludes,  based  on  the  De  Young's  laser  system  study^,  that  it 
is  feasible  to  operate  a  solar-pumped  1  MW  iodine  laser  system 
with  a  mass  of  92,000  kg  in  a  high  (6378  km)  orbit.  The  mass  of 


SOLAR-PUMPED  LASER  OPTION 


the  system  corresponds  to  the  payload  capacity  of  four  space 
shuttle  flights.  Since  there  seems  to  be  no  fundamental  limit  for 
scaling  this  system,  the  requirements  of  laser  propulsion  could 
be  met  by  future  development  of  solar-pumped  iodine  lasers. 

Future  developments  in  diode  array  lasers  may  provide  the 
requited  power  at  wavelengths  neat  I  mictons^S.  it  is  too  early 
to  determine  what  laser  wavelength  and  pulse  format  is  most 
likely  to  become  available  for  laser  propulsion,  and  the  ultimate 
choice  is  likely  to  be  determined  by  laser  developments  for  other 
applications  requiting  high  average  power. 


2.2.  BEAM  TRANSMISSION 

The  most  troublesome  aspect  of  the  Ground  Based  Laser/Space  Based 
Relay  system  for  propulsion  is  atmospheric  transmission^^' 

The  major  concerns  for  atmospheric  propagation  are  ; 

a)  Raman  Scattering  where  non-linear  problems  arise  below  3 
microns. 

b)  Atmospheric  absorption  and  scattering  by  particulates. 
However,  if  the  laser  wavelength  is  2.2  micron,  the  atmosphere  is 
transparent  and  there  is  no  absorption. 

c)  Thermal  blooming  which  is  refraction  caused  by  the  heating 
of  the  air  in  the  beam's  path  (nonlinear  scattering). 


d)  Distortion  and  scattering  of  the  beam  by  atmospheric 
turbulence  (large  or  fine  scale  turbulence) . 

e)  Optical  losses  such  as  mirror  absorption/Scatter ing  etc. 

Atmospheric  scattering  can  be  counteracted  by  the  use  of  adaptive 
optic  techniques  that  dynamically  sample  the  reflected  beatr.  and 
alter  the  figure  of  the  mirror.  Several  approaches  include 
piezo-electr ically  driven  mirrors  of  both  segmented  and 
deformable  membrane/  and  electro-optical  devices  (particularly 
non-linear  phase  conjuga tors) .  Requirements  for  vigorous 

turbulence  correction  will  require  a  frequency  response  of  3 
kilohertz^®.  In  the  near  term,  this  requirement  will  probably 
dictate  a  segmented  approach  to  construction  of  the  phase 
adaptive  mirror,  rather  than  the  deformable  membrane  approach^®. 

Nonlinear  scattering  (Raman,  thermal  blooming  etc)  of  the  beam 
depends  both  on  the  wavelength  and  the  peak  intensity  of  the 
beam,  and  these  factors  become  an  issue  in  the  delivery  of  a  high 
average  power  beam  through  the  earth's  atmosphere.  In  general, 
the  longer  the  wavelength  of  the  laser,  the  larger  the  size  of 
the  mirror  that  is  required  to  propagate  the  beam  a  given 
distance,  and  the  larger  the  size  of  the  mirror  that  is  required 
to  intercept  the  beam.  Since  large  mirrors  are  heavy  and 
difficult  to  fabricate,  there  is  incentive  to  use  shorter 
wavelengths.  On  the  other  hand,  shorter  wavelengths  increase  the 
beam  intensity  along  the  propagation  path  and  increase  the 


pcoblems  with  nonlinear  scattering  in  the  atmosphere.  It  has  been 
suggested  that  a  compromise  that  may  be  nearly  optimum  would  use 
an  infrared  wavelength  near  2.2  microns^"*. 

Mirrors  required  for  a  space  based  laser  could  be  smaller  and 
lighter  than  for  an  earth-based  laser.  This  is  because 
space-based  lasers  have  a  much  larger  field  of  view,  remain 
within  range  of  the  target  a  longer  time,  and  are  less  affected 
by  the  Earth's  atmosphere.  As  a  result,  beam  spreading  could  be 
reduced  close  to  the  theoretical  limit,  resulting  in  lighter, 
smaller  mirrors. 

The  collecting  mirror  refocuses  the  beam  into  the  thruster 
through  a  small  window.  The  laser  beam  must  be  introduced  at  the 
upstream  of  the  flow  in  order  to  ensure  stable  heating  of  the 
working  fluid.  The  reason  is  that  most  gases  tend  to  become 
opaque  to  laser  radiation  at  higher  temperatures,  so  if  the  laser 
were  introduced  through  the  nozzle,  the  gases  in  the  nozzle  would 
tend  to  be  heated  and  become  opaque.  This  would  block  the  heating 
in  the  absorption  chamber  and  cause  instability  in  the  flow. 
Therefore  the  laser  must  pass  through  some  type  of  window  in 
order  to  enter  the  sealed  absorption  chamber.  The  main  problem 
with  windows  is  that  they  must  be  able  to  transmit  the  enormous 
energy  fluxes  without  absorbing  a  significant  fraction.  Due  to 
the  high  laser  flux  levels  (  for  example,  3.2X10^  W/cm^  for  a  20 


on  window  in  a  typical  100  MW  lasec  system^  ),  the  window  will  be 
subject  to  very  high  heat  loads.  The  pcefecred  approach  is  to  use 
high-tcansmittance  crystalline  materials  such  as  SrF2/  ZnSe,  or 
KCL^^.  Depending  on  the  laser’s  wavelength  and  the  window 
material  selected,  transmittance  through  the  window  can  be  as 
high  as  99.981^^.  This  value  will  result  in  20000  W  to  be 
absorbed  by  the  window.  The  window  can  hold  up  only  for  a  few 
seconds  at  these  high  power  levels.  Concepts  for  overcoming 
limitations  include  cryogenic  fluid  cooling,  mechanical  rotation, 
or  aerodynamic  windows 

Problems  with  the  concentrator  mirror  are  not  as  critical.  This 
is  because  the  beam  is  much  more  diffuse  and  intensities  are  much 
lower  than  for  windows.  Also,  coatings  now  exist  for  the  infrared 
wavelengths  with  reflectivities  of  99.9^  which  means  that  the 
intensity  of  radiation  absorbed  by  the  mirror  should  be  less  than 
the  intensity  of  light  incident  on  a  surface  in  normal  sunlight^. 

3.  CONTINOOOS  LASER  PROPOLSION: 

RESEARCH  STATUS  AND  NEEDS 

In  1983  AFOSR  began  a  new  initiative  in  continuous  beam  energy 
propulsion  systems  and  supported  basic  research  at  The  University 
of  Tennessee  Space  Institute^,  The  University  of  Illinois^^,  and 
The  Pennsylvania  State  University^.  Major  questions  which  existed 


at  that  time  included  whether  or  not  laser  energy  could  be 
absorbed  directly  by  hydrogen#  concern  about  the  stability  of  the 
plasma,  and  the  degree  of  control  which  could  be  exercised  over 
the  plasma  location.  As  a  result  of  these  studies,  it  was  shown 
that  laser  energy  can  be  absorbed  directly  in  flowing  gases 
including  hydrogen  and  it  was  concluded  that  both  the  size  and 
location  of  the  laser  sustained  plasmas  can  be  controlled^^' 
Detailed  experimental  investigations^^"^^,  have  established  that 
a  continuous  plasma  could  be  operated  stably  in  a  convective  flow 
with  efficient  absorption  of  the  laser  energy.  The  studies  also 
revealed  the  complex  interactions  of  the  plasma  with  pressure, 
flow  and  the  optical  configuration  of  the  focused  laser  beam. 
Recently,  multiple  plasmas  have  been  sustained  within  a  single 
chamber^®.  Experiments^^  have  investigated  plasmas  sustained  with 
a  Gaussian  beam  and  the  decay  characteristics  of  pulsed  plasmas. 
Theoretical  models  for  the  interaction  of  the  laser  beam  and  the 
flowing  plasma  have  been  developed  using  an  approximate  model'*^, 
a  full  Navier-Stokes  formulation'*^,  and  detailed  calculations  of 
the  optical  fields  within  a  Navier-Stokes  formulation'*^. 

The  following  sections  are  aimed  at  identifying  the  major 
research  issues,  both  theoretical  and  experimental,  which  can 
provide  sufficient  background  for  the  planned  system  studies  and 
development  programs. 
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3.1  THEORETICAL  MODELS 

The  phenomena  involved  in  lasec  supported  plasma  thrusters  Eor 
space  involve  strong  interactions  among  an  intense  optical 
field,  a  plasma,  and  a  flow  field.  The  determination  of  both  the 
radiation  field  and  the  working  fluid  flow  requires  a  coupled 
solution  process.  Two  different  parallel  approaches  have  been 
pursued  based  on  different  laser  interaction  models.  In  the  first 
approach,  highly  developed  aerodynamic  algorithms  have  been 
adapted  to  calculate  low  speed  flows  with  strong  heat  addition^'*. 
This  approach  is  attractive  because  it  applies  to  either  viscous 
or  inviscid  flows  and  provides  high  accuracy  and  efficiency.  In 
addition,  time  dependent  procedures  are  applicable  to  either 
steady  or  unsteady  flows,  making  this  a  proach  a  candidate  for 
studying  both  the  steady  flow  characteristics  of  propulsion 
environments  as  well  as  the  linear  and  nonlinear  stability 
characteristics.  Laser  absorption  phenomena  is  a  low  Mach  Number 
and  low  Reynolds  number  process,  and  time-dependent  models  become 
extremely  inefficient  because  the  eigenvalues  of  the  system 
become  increasingly  stiff  as  Mach  number  is  reduced.  There  are 
artificial  techniques  to  overcome  this  difficulty  such  as 
multiplying  time  derivatives  with  a  matrix  such  that  eigenvalues 
remain  well  conditioned  at  Low  Mach  numbers'^^.  The  most  vigorous 
way  is  to  use  perturbation  expansions  of  the  equations  of  motion 


at  low  Mach  number  limit  to  obtain  a  low  Mach  number  system^^'^^» 
To  ensure  convergence  of  a  numerical  solution,  an  iterative 
technique  can  be  modified  to  give  a  convergent  solution  to  the 
desired  flowfield,  starting  with  the  inviscid  and  then  proceeding 
to  the  viscous  problem'*^.  This  can  also  be  achieved  using  upwind 
differencing  which  can  be  implemented  as  an  optionally  high-order 
differencing  of  pressure  and  convective  terms  in  the  equation 
system'*®.  This  method  allows  monotonic  capturing  of  a  shock  wave, 
if  it  occurs,  true  physical  zonal  dependence,  and  removes  the 
cell  Reynolds  number  restriction.  Another  convergence  technique 
consists  of  changing  the  flowfield  (by  adding  numerical 
viscosity)  until  convergence  can  be  attained.  The  coupling 
between  flow  field  and  laser  energy  is  modelled  as  either 
discretizing  the  incident  radiation  field  into  rays  and  using 
Beer  law  for  each  ray^^  or  using  differential  form  of  the 
incident  radiation  equation  which  allows  a  coupled  solution  of 
the  incident  radiation  and  gas  dynamic  equations  on  the  same 
grid'*®. 

The  second  laser  interaction  model  consists  of  steady-state, 
axisymmetr ic,  laminar  flow  Nav ier-Stokes  equations  for 
compressible,  variable  property  flow  to  simulate  laser-sustained 
plasmas'*®.  The  thermophysical  and  optical  properties  incorporated 
in  the  calculations  were  full  temperature  and  pressure  dependent 
based  on  the  local  thermodynamic  equilibrium.  Geometric  optics 
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wece  used  to  describe  the  Laser  beam  which  was  assumed  to  consist 
of  a  finite  number  of  individual  rays  and  Beer's  Law  was  used  to 
calculate  the  local  intensity  for  each  individual  ray.  The 
developed  code  has  the  capability  to  calculate  complicated  flow 
regions  such  as  recirculating,  subsonic,  and  supersonic  flows, 
within  a  realistic  rocket  geometry^®. 

As  a  summary,  state-of-the-art  models  are  capable  of  solving 
two-dimensional,  ax isymmetr ic ,  unsteady,  full  compressible 
Navier-Stokes  equations  coupled  with  laser  radiation  under 
certain  conditions.  But,  due  to  the  assumptions  and  the  neglected 
issues  which  may  be  important  for  high  power  systems, 
state-of-the  art  models  cannot  accurately  simulate  the  systems 
operating  at  high  laser  power  levels.  Those  issues  can  be 
summarized  as  : 

-  Diffraction  of  the  laser  beam  due  to  the  finite  aperture  of  the 
lens  and  refraction  due  to  the  inhomogeneous  refractive  index 
within  the  plasma  should  be  incorporated  into  the  models. 

-  Volumetric,  six-dimensional  wide-band  plasma  re-radiation  model 
should  be  used  in  the  models  rather  than  optically  thick  or 
optically  thin  extreme  cases  which  are  currently  used. 

-  Plasma  chemistry  should  be  included  in  order  to  predict  frozen 
flow  losses  as  well  as  contamination  and  plume  radiation  from  the 
exhaust  gases. 
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Models  should  be  extended  to  be  transient ^  and 
three-dimensional  in  order  accurately  predict  repeti tjve-pulse 
energy  coupling  to  the  plasma  and  multiple  plasmas  respectively, 
as  well  as  the  dynamic  stability. 

-  Turbulence  should  be  considered  in  order  accurately  predict 
coupling  between  the  plasma  and  the  surrounding  cold  flow  and  the 
effects  on  the  mixing  and  absorption  process  due  to  the  density 
var iations . 

The  intensity  distribution  in  the  focal  region  resulting  from  the 
focusing  of  a  coherent  monochromatic  laser  beam  must  be  predicted 
accurately  in  order  to  calculate  coupling  between  the  laser  beam 
and  the  plasma.  State-of-the-art  models  use  two  different 
approaches:  Fourier  optical  analysis^^ ' and  Ray  tracing 
techniques'^.  The  former  treats  the  laser  beam  as  an 
electromagnetic  wave,  while  the  latter  assumes  the  beam  to  be 
particle-like.  Fourier  analysis  can  incorporate  spherical 
aberration  if  second-order  terms  in  the  series  expansion  for  the 
lens  thickness  is  included^^.  The  integral  relationship 
describing  the  output  field  resulting  from  the  propagation  of  the 
transmitted  field  over  a  distance  can  be  calculated  in  terms  of 
the  Helmholtz  wave  equation  using  Green's  theorem  and  the  theory 
of  Green's  functions.  The  Ray  tracing  technique  calculates  the 
local  laser  intensity  distribution  through  Beer's  law.  The  major 
deficiency  in  the  both  models  is  the  refraction  of  the  laser 


beam,  due  to  the  inhomogeneous  cef cacti ve  index  within  the 
plasma26.  Temperature  gradients  affect  the  refractive  index, 
hence,  beam  reflection  varies  considerably  from  point  to  point. 
Since  refraction  phenomenon  is  coupled  to  the  gas  dynamics  of  the 
system,  optical  analysis  and  gas  dynamics  equations  should  be 
solved  simultaneously  using  a  variable  index  of  refraction  as  a 
function  of  appropriate  gas  dynamic  variables.  Since  refraction 
is  also  an  important  phenomena  in  atmospheric  transmission 
(thermal  blooming) and  laser  weapon  studies,  a  strong 
interaction  among  various  research  activities  should  be 
encouraged . 

The  major  difficulty  in  the  re-radiation  problem  is  that  it  does 
not  allow  simple  scaling  parameters  such  as  Reynolds  numbers  or 
Mussel t  numbers  to  be  used.  The  reason  for  this  is  that  except 
for  certain  limiting  conditions,  radiation  is  a  volumetric,  as 
opposed  to  a  point,  phenomenon.  The  radiative  flux  at  a  point 
depends  upon  the  emission  from  all  other  points  inside  the  flow 
whereas,  for  example,  the  momentum  flux  is  related  only  to  the 
momentum  fluxes  in  the  immediate  neighborhood  of  the  point.  The 
integro-dif ferential  nature  of  tht  radiation  problem  is  a 
six-dimensional  problem  rather  than  a  three-dimensional  one. 
Besides  this,  the  wavelength  dependence  represents  an  additional 
dimension.  An  exception  to  this  is  the  optically  thick  limit 
where  all  photons  at  a  point  are  created  within  a  small 


neighborhood  of  the  point.  Hence,  the  radiative  problem  becomes 
a  local  phenomenon  in  this  limit  and  can  be  treated  by  the 
diffusion  approximation.  The  optically  thin  limit  can  likewise  be 
simplified  because  radiation  is  only  emitted  and  not  absorbed. 
Although  the  laser  propulsion  problem  contains  some  wavelengths 
for  which  the  plasma  is  optically  thick  and  some  for  which  it  is 
optically  thin,  most  wavelengths  lie  in  the  intermediate  range 
between  these  two  limits.  Perhaps  more  importantly,  the  major 
effect  of  laser  power  scale-up  on  radiative  losses  is  that  fewer 
and  fewer  wavenumbers  can  be  treated  as  **thin”  and  the  transition 
from  thin  to  thick  (or  intermediate)  must  be  accurately  modeled 
if  scale-up  predictions  are  to  be  realistic^^. 

In  addition  to  an  accurate  plasma  re-radiation  model,  plasma 
chemistry  should  be  incorporated  into  the  analyses  in  order  to 
predict  frozen  flow  losses.  Freezing  has  been  assumed  to  occur  at 
one  of  two  locations  in  the  nozzle;  the  throat  where  the  Mach 
number  is  unity,  or  inside  the  supersonic  portion  of  the  nozzle 
where  the  flow  velocity  is  Mach  2.  The  actual  freezing  location 
will  depend  on  a  diverse  number  of  variables,  primary  among  them 
being  the  length  of  the  nozzle  and  the  pressure  level  which 
directly  affect  the  recombination  rate.  Longer  nozzles  provide 
more  time  for  recombination  while  higher  pressures  increase  the 
collision  frequency.  Frozen  flow  losses  are  considered  to  be 
small  until  somewhere  above  1500  s  specific  impulse,  at  which 


point  rapidly  increasing  fractions  of  dissociated  molecules  leavi 
the  nozf.le  exit  without  recombination^.  The  second  dramatic 
upr.utge  in  Ccozon  flow  losses  which  take  place  above  2000  n 
specific  impulse  corresponds  to  freezing  of  the  electroi: 
tecomj;?ination  processes^.  In  an  actual  case,  the  final 
concentrations  of  the  sp'cies,  such  as  ions,  electrons,  neutrals, 
atoms  and  molecules  should  be  obtained  from  a  complete  system  of 
equations  including  Arrhenius  rate  equations.  If  the  restrictions 
stated  svbove  are  true,  increases  in  heat  addition  per 
unit  maiss  could  he  made  without  observing  any  improvement  in 
performance . 

Although  initial  e^.periments  reveal  that  a  quasi-steady  plasma 
can  be  maintained  using  repetitive  pulse  lasers,  several  research 
issues  remain  to  be  investigated  both  analytically  and 
experimentally  in  order  to  predict  the  coupling  dynamics  between 
the  laser  beam  and  the  plasma.  This  requires  a  full  transient 
numerical  model  rather  than  models  as  used  in  the  past.  A  typical 
RF  Linac  FEL  peak  power  during  10-20  ps  micropulses  will  be  2  to 
3  times  greater  than  the  average  power.  Under  these  conditions  it 
is  likely  that  the  plasma  will  not  be  in  equilibrium  during  the 
absorption  of  the  pulse,  and  could  affect  the  fractional 
absorption  of  the  laser  beam  or  the  radiation  losses  from  the 
plasma^®.  This  phenomenon  precludes  the  use  of  the  local  thermal 
equilibrium  assumption  used  in  continuous  wave  laser  propulsion 
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simulations/  and  the  problem  becomes  computationally  £ac  more 
complex.  The  second  issue  is  whether  it  is  possible  to  initiate 
an  undesired  detonation  wave  rather  than  a  deflagration  wave,  as 
a  result  of  the  enormous  energy  of  the  laser  powex*  peak,  previous 
detonation  initiation  studies^®  can  be  used  for  modeling  the 
behavior  of  pulsed  laser  driven  continuous  laser  propulsion 
systems . 

One  important  concept  for  improving  system  efficiency  is  the  use 
of  enhanced  thermal  mixing  between  the  hot  plasma  flow  and  the 
cooler  surrounding  flow.  The  goal  of  such  mixing  is  to  reduce 
temperatures  as  rapidly  as  possible  downstream  of  the  plasma 
where  laser  energy  absorption  is  minimal  but  radiation  losses  are 
high.  One  approach  to  induce  greater  mixing  is  to  increase 
turbulence  in  the  downstream  flowfield^^.  Another  approach  is  the 
fragmentation  of  the  incoming  beam  power  and  the  creation  of 
multiple  plasmas^^' In  a  realistic  high  power  propulsion 
system/  it  may  be  necessary  to  operate  with  more  than  one  plasma 
so  that  high  specific  impulses  may  be  achieved  while  operating  at 
high  thermal  efficiency  with  reduced  residual  thermal  load  on  the 
lenses.  In  order  to  achieve  an  accurate  simulation  of  the 
multiple  plasma  model/  its  three-dimensional  nature  and 
geometrical  variations  should  be  considered^^ . 


It  has  been  both  analytically  and  experimentally  demonstrated 


that  plasmas  are  statically  stable^^.  That  is  to  say,  if  they  ace 
perturbed  from  their  equilibrium  location,  they  do  not  continue 
to  drift  further  away,  but  instead  return  back  to  their  original 
location.  Dynamic  stability  of  laser  sustained  plasmas  has  not 

been  investigated  in  detail^^.  The  issue  here  is  that  as  a 

compression  wave  passes  through  an  absorbing  volume,  it  raises 
the  density  and  temperature  and,  hence,  the  absorptivity  as  it 
passes.  This  increased  absorptivity  gives  rise  to  an  increase  in 
the  energy  absorbed  so  the  temperature  is  raised,  thus 

reinforcing  the  pressure  wave  and  leading  to  a  possible 
disturbance  growth.  In  an  open  environment  or  a  large  volume, 
such  pressure  perturbations  die  out  and  remain  undetected  but  in 
a  closed  volume,  such  as  the  absorber  of  a  laser  rocket  engine, 
they  can  amplify  and  lead  to  high  pressure  oscillations.  One 

advantage  here,  as  compared  to  the  combustion  instability  problem 
is  that  the  coupling  is  less  complex^^.  The  energy  addition  can 
probably  be  treated  in  quasi-steady  fashion  without  a  time  lag, 
whereas  in  combustion  problems  it  is  the  time  lag  which  depends 
on  the  kinetics  as  well  as  droplet  evaporation  times,  controls 
the  instability. 


3.2  EXPERIMENTAL  MODELS 


Experimental  studies  have  shown  that  the  plasmas  are  stable  in  a 


convective  flow,  absorb  a  substantial  fraction  of  the  laser  beam 
power  up  to  901,  and  that  a  substantial  portion  of  the  absorbed 
power  is  converted  directly  to  propellant  enthalpy  up  to 
38%1-3»40.  Efficient  ways  were  needed  to  couple  laser  energy  into 
a  working  fluid  without  generating  hardware-damaging  plasmas  or 
coupling  instabilities.  Several  important  new  research  tools  were 
developed  to  permit  the  acquisition,  reduction  and  analysis  of 
the  high  resolution  data  obtained  from  these  experiments.  A  new 
and  improved  method  was  developed,  based  on  transform  techniques, 
to  perform  a  large  number  of  Abel  inversions  required  to  reduce 
the  experimental  data^^.  The  laboratory  scale  experiments 
revealed  that  a  high  efficiency  ,  high  specific  impulse  hydrogen 
thruster  powered  by  beamed  laser  energy  is  feasible^^. 

Ignition  phenomena  is  also  an  important  issue  for  an  operational 
laser  propulsion  system.  Currently,  plasmas  are  ignited  by 
focusing  the  laser  beam  onto  metallic  targets  placed  at  the  laser 
focus^®.  Three  types  of  targets  have  successfully  been  used:  zinc 
foils,  tungsten  rods,  and  injected  aerosols  such  as  water  or 
deuterium.  The  last  technique  has  proven  to  be  unreliable,  since 
the  particles  in  the  aerosol  must  be  injected  precisely  at  the 
laser  focus  point  in  order  to  produce  ignition^^.  An  alternative 
method  of  efficient  ignition  of  plasmas  by  resonant  UV  laser 
multiphoton  excitation  has  also  been  proposed^®. 


Increasing  the  gas  pressure  causes  a  noticable  rise  in  absorption 
at  low  laser  powers,  but  this  effect  largely  disappears  at  the 
higher  power  levels.  Increasing  the  flow  rate  appears  to  produce 
a  slight  decrease  in  global  absorption.  The  measured  minimum 
maintenance  power  increases  with  focus  spot  size  and  flow  rate, 
and  decreases  with  gas  pressure"*®.  The  percentage  of  the  incident 
laser  power  which  has  been  absorbed  by  the  plasma,  was  measured 
by  Krier^^  using  the  copper-cone  calorimeter  mounted  at  the  top 
of  the  absorption  chamber.  The  accuracy  of  the  temperature, 
velocity,  and  concentration  measurements  can  be  improved  relative 
to  the  current  techniques  through  the  use  of  laser- induced 
fluorescence  techniques.  Basically  stated,  laser-induced 
fluorescence  is  a  diagnostic  technique  in  which  a  low  power  laser 
is  tuned  to  excite  f.r.  electronic  transition  within  an  atom.  When 
this  excited  state  decays  to  ground,  the  emitted  fluorescence  can 
be  used  to  determine  several  properties.  The  advantage  to  this 
approach  is  that  measurements  are  instantaneous,  and  are 
unaffected  by  transmitted  laser  energy  and  plasma 
re- rad iation^^'^®. 

Thus  far,  issues  concerned  with  high  power  laser  development,  and 
pointing  and  tracking  have  not  been  discussed.  Once  the 
feasibility  of  continuous  laser  propulsion  has  been  proven  and 
high  power  laser  development  has  been  accelerated,  several  new 
technical  challenges  are  envisioned.  Two  major  issues  which 


should  be  investigated  experimentally  as  well  as  theoretically/ 
are  scaling  and  the  use  o£  repeti ti ve-pulsed  lasers. 

A  major  questions  concerns  scaling.  The  physics  of  high  power 
continuous  laser  supported  plasmas  may  be  quite  different  from 
what  we  obtain  from  laboratory  scale  experiments.  Even  though 
laboratory  experimental  results  can  be  predicted  by  the  existing 
theoretical  models,  issues  that  are  insignificant  at  low  power 
may  play  a  dominant  role  when  the  power  is  scaled-up.  It  is 
important  to  perform  experiments  with  laboratory-scale  lasers  to 
quantify  the  effects  of  refraction,  wide-band  radiation,  plasma 
chemistry,  turbulence  and  mixing  processes.  We  must  also  perform 
scaling  experiments  to  identify  unknown  mechanisms  which  might 
become  significant  when  the  laser  power  is  scaled  up. 

A  second  area  that  requires  additional  research  is  an  assessment 
of  the  feasibility  of  using  highly  repetitive  laser  pulses  in  a 
quasi-continous  wave  fashion.  Since  practical  laser  propulsion 
systems  require  laser  powers  of  1  MW  or  greater,  current 
technology  suggests  that  a  most  likely  candidates  is  the  free 
electron  laser.  Such  lasers  do  not  operate  in  a  continous  mode 
but  with  a  variety  of  pulse  formats.  The  initial  experiments 
conducted  at  the  University  of  Tennessee  Space  Institute^^  have 
revealed  that  the  recombination  time  of  the  plasma  was  of  the 
order  of  one  microsecond;  much  longer  than  the  interpulse  time  of 
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46  nanoseconds  chacactetristic  of  the  RF  Linac  free  electron 
laser.  This  result  strongly  suggests  that  a  quasi-steady  plasma 
can  be  sustained  using  a  pulsed  laser.  The  equilibrium  of  such 
plasmas  and  their  absorption  and  re-radiation  characteristics 
will  be  studied  in  a  series  of  experiments  planned  at  LANL^^. 

4.  CONCLODIMG  REMARKS 

One  of  the  objectives  of  this  article  has  been  to  identify  basic 
research  issues  for  continuous  laser  propulsion  systems  and 
discuss  possible  strategies.  It  is  clear  that  the  continued 
development  of  laser  propulsion  requires  a  better  understanding 
of  losses  including  convective,  radiative,  frozen  flow  and  mixing 
losses,  in  order  to  improve  efficiency  and  consequently  the 
feasibility  of  the  laser  propulsion  systems.  The  task  will 
require  improved  mathematical  models  to  describe  the  physical 
phenomena  occuring  in  laser  propulsion  systems  in  order  to 
predict  the  scaling  behavior. 
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LASER  PROPULSION 
Lt  Col  Homer  Pressley 
Dr  Franklin  Mead 

Air  Force  Astronautics  Laboratory 

Laser  propulsion  for  missions  in  space  is  an  advanced 
concept  that  promises  specific  impulse  values  two  to  £our_  times | 
higher  than  chemical  rockets  at  thrust  levels  orders  of  magnitude 
higher  than  can  be  obtained  with  electric  rockets.  This  promise 
of  high  thrust  combined  with  high  Isp  is  shared  with  nuclear 
rockets  which  have  radioactivity  and  a  large  mass  fraction  due  to 
reactor  weight  and  shielding.  Furthermore  the  technical  problems 
known  to  exist  with  laser  propulsion  do  not  appear  fundamental; 
and  an  economic  justification  for  the  concept  has  been  concluded 
in  separate  studies  by  the  AFAL,  NASA,  and  OARPA.  Despite  these 
favorable  indicators,  laser  propulsion  lacks  a  complete 
demonstration  nineteen  years  after  its  conception,  its  funding 
has  fallen  drastically  over  the  past  seven  years,  and  the  status 
of  continuing  effort  has  retreated  from  demonstration  to  research 
topic.  The  major  current  effort  is  being  funded  by  the  AFOSR. 

In  resolving  the  apparent  contradiction  between  high 
promise  and  low  interest,  it  is  appropriate  to  note  that 


priorities  for  funding  must  take  into  account  short  term  needs 
and  difficulties  as  well  as  long  range  promise.  ^t  the  AFAL 

significant  funding  ended  in  1980  under  a  constrained  budget,  but 
with  the  tactic  understanding  that  it  would  be  reconsidered  each 
year  as  the  budget  and  technical  conditions  changed.  The 
technical  condition  of  most  importance  was  the  availability 
somewhere  in  the  US  of  a  large  laser  facility  with  which  to  do  a 
meaningful  thruster  demonstration.  The  AFAL  could  not  undertake 
such  a  facility.  Coincident  with  that  decision  was  a 
prioritization  among  several  advanced  concepts  in  which  laser 
rockets  were  subordinated  to  solar  rockets.  There  are  some 
technical  resemblances  between  a  laser  rocket  and  a  solar  rocket, 
but  a  salient  difference  also:  sunlight  is  free,  and  lasers  are 
costly.  This  observation  has  impact  in  immediate  facilitization 
and  also  in  the  complexity  of  eventual  operational  systems. 

The  decision  to  emphasize  solar  over  laser  propulsion  did 
not  intent  to  overstate  the  similarities  between  the  two 
concepts,  although  orbit  raising,  the  niche  most  favored  at  AFAL 
for  laser  rockets,  could  be  filled  almost  as  well  by  a  nearer 
term  solar  rocket.  Orbit  raising  is  also  of  obvious  interest  to 
SOI  activities.  Other  SOI  propulsion  needs  exist  which  would 
more  clearly  distinguish  the  differences  between  the  concepts. 
These  include  boosters  for  low  cost  access  to  space  and  boosters 
for  kinetic  kill  vehicles.  Both  applications  require  thrust 
levels  that  far  exceed  any  believable  solar  rocket  design,  yet 
they  might  be  accomplished  with  laser  rockets,  given  a  laser  of 
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sufficient  power.  SDIO  is  currently  conducting  a  laser  | 
propulsion  program  at  Lawrence  Livermore  National  Laboratory  to 
meet  thoir  needs.  Since  powerful  lasers  are  also  being  developed 
for  weapons  application/  it  may  be  that  the  missing  link  in  the 
laser  rocket  chain  is  alteadly  being  forged. 

Laser  rockets  are  a  generalization  of  beamed  energy 
rockets  which  can  Include  microwave  powered  rockets,  and  even 
particle  beam  rockets.  Willinski  of  Hughes  Aircraft  conceived  of 
ground  based  transmitters  that  projected  microwave  energy  to 
power  orbiting  and  even  interplanetary  propulsion  systems  before 
Lne  operation  of  the  first  laser.  He  proposed  a  mode  in  which 
propellant  would  be  heated  directly  for  expansion  through  a 
nozzle,  and  a  mode  in  which  microwaves  would  be  converted  to 
electricity  for  operation  of  a  plasma  or  ion  engine,  thus 
anticipating  paths  that  laser  propulsion  advocates  would  follow 
later.  He  was  aware  of  the  large  transmitting  and  receiving 
antennas  required  by  the  long  wavelengths  of  microwaves.  His 
ideas  were  later  reproposed  and  elaborated  upon  by  Schad  and 
Moriarty  of  Raytheon. 

A  similar  period  of  propulsion  invention  and  reinvention 
followed  the  introduction  of  the  laser,  although  a  decade  would 
pass  before  laser  propulsion  was  cast  into  the  high  thrust  modes 
described  by  Willinski  for  microwaves.  Initially  laser 
propulsion  took  the  form  of  light  sails  in  which  laser  photons 
were  reflected  off  large  diameter,  low  density  structures 


producing  thrust  by  momentum  exchange.  The  application  in  each 
publication  was  interstellar  travel,  a  vast  undertaking  in  which 
it  was  very  easy  to  appreciate  the  virtues  o£  an  infinite  Isp, 
even  if  thrust  and  propulsive  efficiency  were  almost  vanishingly 
small . 

More  earthly  interest  in  laser  propulsion  awaited  the 
high  thrust  mating  of  lasers  to  rocket  working  fluids.  This  idea 
apparently  occurred  first  to  R.  L.  Geisler  at  the  APAL  although 
initial  publication  came  some  years  later  from  several  sources, 
apparently  working  ind ipendently.  A  U.  S.  patent  was  granted  in 
1974  to  Minovitch. 

AFAL  experimental  objectives  were  modest  in  terms  of  lap 
sought.  Limiting  temperatures  to  4000-4500  K  would  lower 
specific  impulse  by  200-300  sec,  but  make  thermal  control  much 
easier.  It  would,  however,  necessitate  a  change  in  coupling 
mechanism.  Initial  AFRPL  funding  went  to  TRW  to  study  the  value 
o  laser  propulsion  to  the  AF  mission,  compare  it  with  other 
beamed  energy  concepts  such  as  microwaves,  compare  it  with  other 
beamed  energy  concepts  such  as  microwaves,  and  recommend  critical 
technologies  that  would  need  to  be  developed,  including 
identification  of  appropriate  coupling  techniques.  Recommended 
coupling  mechanisms  included  alkali  metals  to  lower  the 
ionization  temperature,  incorporation  of  particulate  seedants, 
and  incorporation  of  molecular  seedants.  A  parallel  in-house 
effort  concluded  that  the  molecular  absorption  technique  was  most 
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useful,  and  noted  that  water  vapor  was  the  most  attractive 
seedant  when  considered  in  light  of  probable  absorption 
coefficient  and  high  temperature  stability.  Experimental  work 
was  contracted  to  United  Technologies  Research  Center  (UTRC)  to 
determine  the  coupling  efficience  of  C02  laser  radiation  into  H2 
flows  containing,  H20  and  020.  Laser  supported  combustion  waves 
using  this  non-plasma  method  were  demonstrated  for  the  first  tlmej 
at  temperatures  coveting  the  range  2000-4000  K.  Since  the 
measured  absorption  coefficient  was  about  ten-fold  higher  than 
band  model  calculations  had  indicated,  a  verification  effort  was 
funded.  In  a  subsequent  shock  tube  study  at  PSI  it  was 

a 

determined  that  the  absorption  coefficient  was  mote  nearly  in 
accord  with  band  theory,  and  in  fact  low  enough  to  reduce 
absorption  efficiency  unless  the  optical  path  were  lengthened. 
It  was  proposed  that  thrusters  could  be  kept  within  tolerable 
lengths  by  reflecting  the  beam  across  the  chamber  several  times, 
but  this  suggestion  was  not  tested  before  the  AFkL  laser 
propulsion  effort  was  terminated. 
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PARTI 

Laser  Propelsioe:  A  Hbioricai  Pmpcrtivc 

The  first  laser  was  demonstrated  by  Maiaan  at  Hughes  laboratories  in 
1980<  and  wnen  the  ruoy  laser  was  l-swircned  tn  1981  laser  output  power 
sufficient  to  cause  a  plasma  bseaKdown  in  the  focused  beam.  Observations  of 
breakdown  led  to  the  first  analytical  studies  of  the  phenomena  by  Tel'dovich 
and  Aaiser  and  later  by  Raiser  wno  developed  theoretical  .models  for  laser 
fetonation  waves  and  subsonic  laser  supported  plasmas. 

rowerful  continuous  carbon  dioxide  lasers  were  developed  in  1964.  and 
Ceneralov  et  il  demonstratec  the  first  continuous  laser  sustained  plasmas  in 
1972.  These  developments  opened  the  possibility  for  t.he  use  of  beamed  power 
for  space  propulsion,  and  Kar.trowit:  and  .Minovitch  proposed  the  use  of  lasers 
to  power  roc.kets  usino  either  puisea  or  tonti.nuous  lasers  to  renerate  hi?n 
ts.moeratura  piarmas  :r  .aser  supportea  tetonation  waves  to  renernte  t.trust. 
h'ASn  lewis  laooratories  regan  a  project  about  1971  to  develop  a  laser  powerec 
roc.ken  usi.”.?  a  continuous  laser  sustained  plasma  within  a  rhamber  to  heat  a 
hycrocen  propellant  tnat  was  then  ».xpar.ced  through  i  norrls  to  prcduca  t.trust. 
CAR?A  sponsored  a  study  csncucted  by  .WCO  Iverett  laboratories  wnich 
investigated  a  .nu.rJser  of  possible  configurations  including  the  continuous 
laser  sustained  plasma,  pulsed  detonation  waves  generated  on  an  external 
surface  and  pulsed  plasmas  created  within  a  noxrle  structure.  .A  different 
concept  using  resonant  .molecular  absorption  of  beamed  laser  energy  to  heit  a 
.mixture  of  hydrogen  and  the  absorber  was  investigated  by  the  Air  Force  .Aoc.ket 
Propulsion  laboratory. 

In  1978  the  MASA  project  was  .moved  to  NASA  .Marshall  Spaceflight  Center 
for  further  deveiop.ment  and  de.monscracion.  Some  preliminary  experiments  were 
performed  in  hydrogen  using  the  Amy' s  30  kW  MTU  laser.  Subsequently,  the 
laser  was  .moved  to  a  test  area  at  Marshall  and  a  test  facility  was 
constructed.  To  date,  the  laser  has  not  operated  successfully  for  .more  than  a 
few  preliminary  e.xperi.mencs .  In  1983  AFOSR  began  a  new  initiative  on  beamed 
energy  propulsion  syste.ms  and  supported  basic  research  at  The  University  of 
Tennessee  Space  Institute  (UTSI) ,  The  University  of  Illinois  (UI),  The 
Pennsylvania  State  University  (PSU)  and  PSI,  Inc..  These  studies  were 
directed  at  both  continuous  laser  thermal  propulsion  and  pulsed  plasma 
breakdown  within  a  nozzle  structure.  Detailed  e.xperimentai  investigations  at 
UTSI  and  UI  established  that  the  continuous  plasma  could  be  operated 


jueeaaafuily  in  «  conv«cciv«  £low  wish  •£2ici«nt  abaorpcion  o£  zh*  iAa«r 
•n«rgy/  and  r«v«al«d  chc  complax  intaxactions  o£  tha  plaama  with  praaaura, 

£low  and  cha  optical  configuration  of  tha  focuaad  laaar  baam,  Racant 
axpaciatanta  at  UX  hava  auatainad  aiultipla  plaanaa  within  a  aingla  chambar,  and 
racant  axpariatanta  at  U7SI  hava  invaatigatad  plaamaa  auatainad  wich  a  Oauaaiin 
baam  and  cha  dacay  chacactaxiatica  of  pulaad  plaamaa. 


thaocatical  modala  for  cha  intaractlor.  of  tha  laaar  baam  and  cha  ilswir.g 
plaama  wara  davalopad  at  UI  uaing  an  approximata  modal  and  at  ?Sw  uai.ng  c.ha 
full  Naviar-Stokaa  formulation.  Latar,  a  comprahanaiva  thaoratical  .modal  was 
davalopad  at  UTSX  chat  includad  datailad  calculationa  of  cha  optical  fialda 
within  a  .S’avlar-Stokaa  fcrmulacion.  ?radictiona  from  chia  .medal  comparad  wall 
with  datailad  .maaauramanta  of  axparimantal  plaamaa  ovar  a  wida  ranga  of 
cor.diciona,  and  cha  calculationa  wara  axtandad  to  pradicc  cha  proparciaa  of 
laaar  auatainad  hydrogan  plaamaa  and  to  daaign  a  30  kM  laaar  powarad  hydrcgan 
chruatar . 


:n  1S36  lawranca  livarmora  “acccnal  laboratory  ll^ilj  sagan  an 
i.nvaaccgacion  Into  c.ha  uaa  sf  a  doubla  pulaa  laaar  dacor.acion  on  c.ha  aurfact 
of  an  axcarnal  aolid  fual  co  provida  an  aarch-to-orbit  launch  capability  for 
modarata  aizad  payloada.  Savaral  concraccora  ara  ourrantly  supporting  chia 
cnvaatigacion  with  both  c.haoratical  and  axpariawntal  atudiaa,  but  chaaa 
atudiaa  ara  in  chair  infancy  and  raaulta  can  ba  axpactad  within  tha  naxt  yair. 


.Moat  of  cha  AJTOSR  aupportad  affort  haa  baan  axpandad  on  c.ha  eontinuoua 
laaar  auatainad  plaama  ccncapt^  and  c.ha  atudiaa  hava  ahown  chat  cha  plaamaa 
ara  atabla  in  a  convacciva  flow,  abaorb  a  aubatantial  fraction  of  c.ha  laaar 
baam  powar,  and  chat  a  aubatantial  portion  of  cha  abaorbad  powar  ia  convarctd 
diraccly  co  propallant  anchalpy.  Datailad  daaign  calculationa  uaing  c.ha  'JtSZ 
coda  indicaca  chat  wall  haat  cranafar  raquiramanca  ara  wichin  ataca-of-'Cha-trc 
and  chat  i  aubatantial  portion  of  cha  plaama  radiation  can  ba  ucilicad  in  a 


racanaratcva  cycla.  Thaaa  calculationa  indicaca  chat  i  htch  ^ffictancy.  “.ton 


apactfic  '.mpulaa  hycrcgan  chruatar  powarad  by  baamad  laaar  anargy  la  faaacbla. 


and  furchar  raaaarcn  ahould  avaluaca  cha  affacta  of  acaling  co  highar  pouara 


and  cha  pulaa  fomaca  chat  ara  likaly  for  high  powar  fraa  alaccron  lasers. 


PART  II 

ExpariiBCBUl  Rcaaarcli  at  ITTSI 

Tha  axparimancal  invaacigacion  of  laaar  auatainad  plaamaa  at  U7SI  began 
in  19S3  with  tha  primary  objacciva  co  datarmina  whachar  cha  plaama  waa  acable 
in  a  f oread  convacciva  flow.  Tha  axparimanca  ucilizad  a  aurplua  1.5  !<W 
unacabla  oacillacor  laaar  obtained  from  US  Army  Balliatic  Raaaarc.h 
Laboracoriaa  ORIi)  co  auatain  plaamaa  in  flowing  argon.  Advanced  diagnoatic 
cechniquaa  baaad  on  digital  imaging  of  tha  plaama  continuum  radiation  wara 
developed  to  provide  an  efficient  way  co  .measure  c.he  plaama  ce.mperature  field 
with  high  resolution.  The  initial  results  were  encouraging  and  revealed  c.he 
interdependence  of  the  pressure,  power  and  flow  velocity  in  determining  the 
position  and  size  of  Che  plasma  within  the  focal  region  of  the  laser  beam. 
.However,  in  the  initial  experiments  the  flow  velocity  waa  of  the  same  order  as 
the  velocity  induced  by  thermal  buoyancy  and  another  sec  of  experiments  was 
performed  to  verify  stability  in  flows  dominated  by  forced  convection. 

Several  i.mportant  .new  research  procedures  were  developed  to  permit  the 


acquisition*  stduction  and  analysis  of  th«  high  sosolucion  data  obtained  from 
these  expecinents.  A  new  and  ijapeoved  method  was  developed*  based  on 
transfona  techniques*  to  pesfozm  the  large  number  of  Abel  inversions  required 
to  reduce  the  experimental  data.  This  method  reduced  the  computer  time 
required  to  process  a  single  image  from  20  hours  to  5  sunutes*  and  improved 
t.he  accuracy  of  t.he  inversion.  A  geometric  raytracing  technique  that  i.ncluded 
the  refraction  of  the  beam  ay  the  plasma  was  developed  to  determine  the  power 
absorbed  from  the  laser  beam  using  the  measured  temperature  field  of  the 
plasma  and  the  known  rharacteristics  of  the  laser  beam.  Careful  analvats  sf 
this  data  revealed  the  critical  rale  played  by  the  optical  configuration  of 
the  sustaining  laser  beam*  and  experistents  were  conducted  with  several  focal 
length  systems  to  elucidate  this  effect.  A  new  fourier  optics  technique  that 
included  the  combined  effects  of  both  diffraction  and  aberrations  from  the 
lens  was  developed  to  calculate  the  optical  fields  near  the  focus. 

During  this  time*  t.he  detailed  measurements  were  compared  with 
predictions  from  a  computer  oode  developed  at  t**TSI  (discussed  in  a  separate 
presentation  by  5.  .M.  Jeng) ,  and  the  agreement  was  excellent.  The  experr.’tents 
revealed  that  a  tonsidersble  fegree  :f  tontroi  ;ver  t.te  p^^asma  assorpticn. 
radiatton  ana  energy  conversion  roula  se  obtainea  through  the  proper 
comoination  of  f<numser*  pressure.  pot«er  and  flow,  and  experiments  were 
performed  in  which  more  than  jSt  of  the  incident  laser  power  was  absorbed  by 
the  plasma  and  more  than  of  t.he  absorbed  power  was  directly  ronvertea  into 
propellant  enthalpy.  A  .new  state-of-the-art  carbon  dioxide  laser  was  obtai.ned 
by  UTSX  that  was  capable  of  producing  a  true  T£Moo  Gaussian  beam  with  powers 
to  2  kW.  Plasmas  were  sustained  using  this  laser  with  snich  larger  f/numbers 
in  t.he  same  chamber  as  t.he  earlier  experiments*  and  t.he  results  confirmed  our 
understandi.ng  of  the  critical  role  played  by  the  optical  configuration  used  to 
sustain  the  plasma. 

Practical  laser  propulsion  systems  will  require  laser  powers  of  1  .'fW  or 
greater*  and  current  technology  suggests  that  the  .most  likely  candidates  are 
the  free  electron  lasers.  These  lasers  do  not  operate  in  a  tonti.nuous  moce 
cut  ^it.h  a  vartaty  ;f  puase  tormats.  Tn  orcer  to  tacermi.-.e  wnether  tnese 
pulse  formats  will  oe  sole  to  sustain  i  cuasi-steady  plasma*  we  have  initiatec 
experi.mencs  at  UTSI  to  determine  t.he  characteristic  relaxation  ti.me  for  s 
plasma  treated  by  a  short  laser  pulse.  Argon  plasmas  it  pressures  of  1  tnn  1 
atm  were  treated  oy  focusi.-.g  i  nominal  100  .mj  pulse  of  IS  ns  duration  ire.m  a 
::eCl  exci.mer  laser  aperati.-.g  at  a  wavelength  of  208  .nm.  T.he  spectral  e.-nissitn 
frc.’n  t.he  decayi.-.g  plasma  was  recorded  by  in  optical  .multichannel  analyzer 
»CMA)  using  a  gate  time  of  10  ns.  The  spectrum  indicated  that  the 
recombination  time  was  of  the  order  of  a  microsecond;  much  longer  than  the 
interpulse  tiaw  of  46  ns  characteristic  of  the  RF  Linac  free  electron  laser 
operating  at  Los  Alamos  .National  Laboratory  (LAND  .  This  result  strongly 
suggests  that  a  quasi-steady  plasma  can  be  sustained  usi.ng  t.he  RF  Linac  ?SL 
pulse  format. 

.Alt.hougn  it  appears  t.-.ac  a  quasi-steady  plasma  can  be  .maintai.-.ed  usi.-.g 
the  RF  Linac  FEL*  several  research  issues  remain.  The  duty  cycle  of  the  RF 
Linac  FSL  is  of  the  order  2-4  x  10"^  and  t.he  peak  power  of  the  10-20  ps 
.micropulses  will  be  much  greater  than  the  average  power.  Under  these 
conditions  it  is  likely  that  the  plasma  will  not  be  in  equilibrium  during  the 
absorption  of  the  pulse,  and  it  is  unclear  how  this  will  affect  the  fractional 
absorption  of  the  laser  beam  or  the  radiation  losses  from  Che  plasma. 
Experiments  are  being  planned  to  answer  these  important  questions  using  the 
FSL  at  Los  Alamos  (LAND .  Streak  and  framing  images  of  the  plasma  created 


during  *  100  micxos«cond  burac  from  ch«  laa«r  will  d«c«rmin«  ita  tim* 

•volueion  and  whachar  a  quaai-acaady  plaama  ia  producad.  Oiracc  maaauramanc 
of  tha  tranaad.ttad  laaar  baam  powar  will  dacarmina  cha  fractional  powar 
abaorption  from  tha  baam>  and  tima  raaolvad  apactra  will  ba  obtainad  uair.g  tha 
OMA  to  datarmina  whathar  cha  plaama  ia  in  aquilibrium  during  micropulaa 
abaorption. 

Tha  axparimantal  raaaarch  haa  shown  that  tha  :w  laaar  suatatnaci  plasma  is 
atabla  in  a  forcad  convactiva  flow,  and  that  cha  fractional  powar  aoaorption 
and  convaraion  afficiancy  can  ba  controllad  with  propar  combinaciona  of 
praaaura,  flow  and  optical  gaomatry.  Thaoracical  calculaciona  i.^dicaca  that 
acaling  to  highar  powara  la  conaiatant  with  tha  uaa  of  shortar  wavalangth 
laaara,  but  tha  affact  of  incraaaing  optical  dapth  on  tha  sadiaciva  transport 
ia  unknown.  Tha  charactaristica  of  a  plaama  suatainad  with  FSL  pulsa  formats 
ia  currantly  unknown,  but  axparimanta  ara  baing  plannad  to  raaolva  this  issua. 


Laser  Propulsion: 
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1987  Multiple  Plasmas:  Kiier  &  Glurnb 

1988  Plasma  Relaxation:  Keefer  &  Sedghinasab 
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1985  Two-D  Balleh-Keefer  with  Converging  Beam:  Glumb  &  Krier 

1986  Two-D  Coupled  Navier-Stokes:  Jeng  &  Keefer 

1 987  Rocket  Thruster  Model:  Jeng  &  Keefer 
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•  Conversion  Efficiency  >  65%  Observed  &  Predicted 

•  Excellent  Predicted  Capability  for  Plasma  &  Rocket 
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Electric  -  MPD,  Arcjets,  Pulsed  Plasma,  RF  Arcs,  Railgun 
Magnetically  Confined  (Magnetic  Bottle)  Plasmas 
Nuclear  *  Fluidized  Bed  or  Gaseous  Core 


Dennis  Keefer 


REFERENCES 


Bitteh,  J.  H.  and  Keefer,  D.  R.  (1974),  ‘‘Two  Dimensional  Generalization  of 
Raizer's  .\nalyais  for  the  Subsonic  Propagation  of  Laser  Sparks,’’  IEEE  Trans,  on 
Plasma  Sci..  PS-2;  122. 


Cariotf,  C.,  Krametz,  E.,  Schafer,  J.  H.,  Uhlenbusch,  J.  and  Wroblewski,  D. 
(1981).  “Continuous  Optical  Discharges  at  Very  High  Pressure,’’  Phvsica  10.3c: 
439  (North-Hoiland  Physics  Publishing,  .A.msterdam). 


Carioff,  C.,  Giilet,  C.,  Krametz.  S.,  Muilcr,  Schafer.  J.  H.  and  Uhienbusch. 
J.  (1984).  “Theoretical  Description  and  .Measurement  of  the  Flow  Field  of  a 
Continuous  Optical  Discharge,"  Arch.  Mech..  36:  473.  (Poland). 


Caveny,  L.  H.,  Ed.  (1984).  Orbit  Raising  and  Maneuvering  Propulsion; 
Research  Status  and  Needs.  Progress  in  .\stronautics  and  .Aeronautics.  |9. 


Conrad,  R.  W.,  Roy,  E.  L.,  Pyles,  C.  E.  and  Mangum,  D.  W.  (Oct. 
“Laser-Supported  Combustion  ‘>V.ave  Ignition  ’n  Hydrogen.’’  Technical 
RH-SO-1,  CS  .Army  Missile  Command,  Redstone  .Arsenal,  .AL. 


19791. 

Resort 


Cremers,  D.  .A.,  Archuleta,  F  L.  and  .Mart’mez,  R.  J.  (1985).  “Evaluation  of  the 
Continuous  Optical  Discharge  for  Spectrochemical  .Analysis,"  Specirochimica  .Acta. 
40B.  No.  4;  665.  (North-Hoiland  Physics  Publishing,  .Amsterdam). 


Cross,  J.  B.  (1986).  Private  communication. 

Cross,  J.  B.  and  Cremers.  D  A.  1085).  (.ALA A-85- 1068).  “Ground-Based  In¬ 
vestigations  of  .Atomic  Oxygen  Lnieractions  with  Space  Station  Surfaces,"  .AI.A.A 
20th  Thermophysics  Conferor.ci’,  Wiiiiarasburg,  V.A. 


CroM,  J.  B.  and  Cremers,  D.  A.  (1986).  “High  Kinetic  Energy  (1-10  eV)  Laser 
Sustained  Neutral  Atom  Beam  Source,”  Nuclear  Instruments  and  Methods  in 
Phvsics  Research.  B13;  658.  (North-Hoiland  Physics  Publishing,  .A.iEsterQam). 

Fowler,  M.  C.  and  Smith,  D.  C.  (1975).  “Ignition  and  .Maintenance  of  Subsonic 
Plasma  Waves  in  .\tmospheric  Pressure  .4ir  by  CW  CO^  Laser  Radiation  and 
Their  Effect  on  Laser  Beam  Propagation,"  J.  AdoI.  Phvs..  26:  138. 

Fowler,  M.C.  (1981).  "Measured  Molecular  .A.bsorptivities  for  a  Laser  Thruster." 
Franzen,  D.  L.  ^1972).  “CW  Gas  Breakdown  in  .\rgon  Using  ’.0.6-am  laser 
Radiation,"  .A.ddi.  Phvs.  Lett,,  52, 

Generalov.  N.  Zimakov,  V.  ?.,  Koziov,  G.  I.,  Masyukov,  V.  A.  and  Raizer. 
Yu.  P.  (1970).  “Continuous  Optical  Discharge,"  Sov.  Phvs.  JET?  Lett..  M: 
302, 


Generalov,  N.  Zimakov,  V.  ?.,  Koziov.  G.  I.,  Masyukov,  V.  A.,  and  Raizcr. 
Ya.  P.  (1972).  “Experimental  Investigation  of  a  Continuous  Optical  Discharge," 
Sov.  Phvs.  JET?.  34:  763, 

Gerasimenko,  M,  V.,  Koziov,  G.  I.  and  Kuznetsov,  V.  A.  (19831.  “Laser  ?!as- 
macron,"  Sov.  J.  Quantum  Electron..  ISM):  438. 

Glumb,  R.  J.  and  Krier,  H.  (1984).  “Concepts  and  Status  of  Laser-Supported 
Rocket  Propulsion,"  J.  Spacecraft  and  Rockets.  2lfll:  70. 

Glumb,  R.  J.  and  Krier,  H.,  (1985).  (AIAA-85-1S33).  Two-Dimensional 
Model  of  Laser-Sustained  Plasmas  in  Axisymmetric  Flow  Fields,"  AL\A  18th 
Fluid  Dynamics  and  Plasmadynamics  and  Lasers  Conference,  Cincinnati,  OH. 


Griem^  H.  IL  (1964).  Plaama  Spectroscopy.  McGraw-Hill,  New  York. 


Holt,  E.  H.  and  Haskell,  R.  E.  (1965).  Foundations  of  Plasma  Dynamics.  Macmil¬ 
lan  Pub.  Co.,  Inc.,  New  York. 

Jackson,  J.  P.  and  Nielsen,  P.  E.  (1974).  “Role  of  Radiative  Transport  in  the 
Propagation  of  Laser  Supported  Combustion  Waves,"  AIAA  J..  12:  1498. 

Jeng,  S.  M.  (1986).  Unpubilshed  calculation. 

Jeng,  S.  M.  and  Keefer.  D.  R.  f  19861.  “Theoretical  Investigation  of  Laser- 
Sustained  .\rgoa  Plasmas."  J.AodI.  ?hvs..  2272. 

Jeng,  S.  M.  and  Keefer,  D.  ,i987aj.  “Numerical  Study  of  Laser-Sustained  Hy¬ 
drogen  Plasmas  in  a  Forced  Convective  Flow,"  J.  of  Power  and  Propulsion.  2f3l: 
255. 


Jeng,  S.  M.  and  Keefer,  D.  R.  ,1987bi.  .AIAA-S7-03S3).  Theoretical  Inves¬ 
tigation  of  Laser-Sustained  Piasma  Thruster,"  .\L4.\  25th  .Aerospace  Sciences 
Meeting,  Reno.  NV. 

Jeng,  S.  M.,  Keefer,  D.,  Welle,  R.  and  Peters,  C.  '1987).  “Laser-Sustained 
Plasmas  in  a  Forced  Convective  .\rgon  Flow,  Part  0:  Comparison  of  Numerical 
Model  with  Experiment,"  AIAA  J..  Vol.  25.  No.  9.  pp.  1224-1230,  Sept.  1987. 

Jones,  L.  W.  and  Keefer,  D.  R.  (1982).  “N.AS.A’s  Laser-Propubion  Project," 
.Aeronautics  and  Astronautics.  10:  66. 

Kantrowitz,  A.  R.  11971).  “The  Relevance  of  Space,"  .Astronautics  and 
.Aeronautics.  9:  34. 


Karzas,  W.  J.  and  Latter,  R.  (1961).  “Electron  Radiative  Transitions  in  a 
Coulomb  Field,”  .Astrophvs.  J..  Suppl.  Series  6:  167. 


K«<fer,  D.,  Elkins,  R.,  Petars,  C.  and  Jones,  L.  (1984).  “Laser  Thermal  Propul¬ 
sion,"  Orbit-Raising  and  Maneuverin«r  Propulsion:  Research  Status  and  Needs, 
edited  by  L.  H.  Caveny,  Progress  in  Astronautics  and  Aeronautics.  39:  129. 

Keefer,  D.  R.,  Henriksen,  3.  B.  and  Braerman,  W.  F.  (1975).  “Experimental 
Study  of  a  Stationary  Laser-Sustained  Air  Plasma,"  J.  ApdI.  Phvs..  46:  1080. 

Keefer,  D.,  Jeng,  S.  M.  and  Weile,  R.  (1987).  “Laser  Thermal  Propulsion  Using 
Laser  Sustained  Plasmas,"  Acta  Astronautica.  15j[6£7l:367. 

Keefer,  D.,  Peters,  C.  and  Trowder.  H..  1985).  “.I  Re-e.xamination  of  tne 
Laser-Supported  Combustion  Wave,"  Al.\.\  J..  23:  1208. 

Keefer,  D.,  Weile,  R,,  and  Peters,  C.  (1986).  “Power  .Absorption  in  Laser- 
Sustained  .Argon  Plasmas,"  AIA.A  Journal.  24fl0l:  1663. 

Kemp,  N.  H.  and  Root,  R.  G.  fl970).  “.Analytical  Study  of  Laser-Supported 
Combustion  Waves  in  Hydrogen,"  .1.  Energy.  3:  40. 

Klosterman.  3.  L.  and  Byron.  S.  R.  19.^1.  “Mcasurcmc  of  Subsonic  Laser 
.Absorption,  Wave  Propagation  Characteri:  ‘ics  at  10.6  pr-u,  ’  J.  .AppI.  Phvs..  45: 

4iOi. 

Kozlov,  G.  I.,  Kuznetsov,  V.  A.,  and  Masyukov,  V.  .\.  (1974).  “Radiative 
Losses  from  an  .Argon  Plasma  and  a  Radiation  Model  of  a  Continuous  Optical 
Discharge,"  Sov.  Phvs.  JET?.  39f3):  463. 

Kozlov,  G.  1.,  Kuznetsov,  V.  A.  and  .Masyukov,  V.  .A.  (1979).  “Sustained  Optical 
Discharges  in  Molecular  Gases.”  •^ov,  Phvs.  Tech.  Phvs..  49:  12-83. 


Kozlov,  G.  L  axii  Selezneva.  I.  K.  (1973).  “Numerical  Study  of  a  Laser  Spark 
and  a  Continuous  Optical  Discharge  in  a  Focused  Laser  Beam,”  Sov.  Phvs. 


Krier,  H.,  Muumder,  J.,  Rockstioh,  T.  J.,  Bender,  T.  D.  and  dumb,  R.  J. 
(1986).  “Studies  of  CW  Laser  Gas  Heatinf  by  Sustained  Plasmas  in  Flowinf 
Argon,"  AIAA  J..  21:  1656. 

Maker,  P.  D.,  Terhune,  R.  VV.  and  Savage,  C.  M.  (1963).  “Optical  Third 
Harmonic  Generation,"  Third  International  Conference  on  Quant.  Electronics. 
Paris,  France. 

Merkle,  C.  L.  (1984).  “Prediction  of  the  Flowfield  in  Laser  Propulsion  Devices," 
AIAA  J..  22{S\:  1101. 


Merkle,  C.  L.,  .Molvik,  G.  A.  and  Shaw,  E.  J.  (1985).  (AIAA-3S.1554).  “Nu¬ 
merical  Solution  of  Strong  Radiation  Gasdynaxnic  Interactions  in  a  Hydrogen- 
Seedant  Mixture,"  .\IA.\  ISth  Fluid  Dynamics  and  Plasmadynamics  and  Lasers 
Conference,  Cincinnati,  OH. 

Minovitch,  M.  X.  (1972).  (-\IAA-72-1095).  “Reactorless  Nuclear  Propulsion 
-  The  Laser  Roclcet."  .\IA.\.SAE  3th  Joint  Propulsion  Specialist  Confere.nce, 
New  Orleans,  LA. 


.Molvik,  Choi,  D.  and  .Merkle.  C.  L.  ^1985).  Two-Dimensional  .TwRaiysis 


of  Laser  Heat  .Addition  in  a  Constant  .Vosorptivity  Gas,"  J..  23:  1053. 


Moody,  C.  D.  (1975).  “Maintenance  of  a  Gas  Breakdown  in  .A.rgon  Using 
10.6-/X  CW  Radiation,"  J.  .A.pd1  Phvs..  46:  2475. 

Muller,  S.  zind  Uhlenbusch,  J.  (1982).  “Theoretical  Model  for  a  Continuous 
Optical  Discharge,"  Phvsica.  112C:  259. 


Raizer,  Yu.  P.  (1965).  “Heating  of  a  Gas  by  a  Powerful  Light  Pulse,"  Sov.  Phvs.  JETP. 
21:  1009. 


R^tr,  Yu.  P.  (1970).  “Subsonic  Propagation  of  a  Light  Spark  and  Threshold 
Conditions  for  the  Maintenance  of  Plasma  by  Radiation,”  Sqv.  Phvs.  JETP.  21: 
1148. 


Raiser,  Yu.  ?.  (1980).  •‘Optical  Discharges,”  Sov.  Phvs.  Usp..  21'  ^89. 

Shkarofsky,  I.  P.,  Johnston,  T.  W.  and  Bachynski,  .M.  ?.  (1966).  The  P.^rt^'c!e 
Kinetics  of  Plasmas,  .\ddison- Wesley,  N'ew  York. 


Thompson,  R.  W.,  Manista,  S.  J-  and  .llger,  D.  L.  (1973).  “ 
in  the  Conversion  at  laser  Znerqy  .r.to  Zlectrrcity,”  Addi. 
510. 


Preiiminary  Results 
Phvs.  Lett.  rjlIQI: 


Welle,  R.,  Keefer,  D.  R.  and  Peters,  C.  (1987).  “Energy  Conversion  Efficiency 
in  High-Flow  Laser-Sustained  .Argon  Plasmas,”  .AI.A.A  J..  25(3):  1093. 


ZePdovich,  Ya.  3.  and  Rairer,  Yu.  P.  fl965).  “Cascade  Ionization  of  a  Gas  by 
a  Light  Pulse,"  Sov.  Phvs.  JETP.  20.:  T72. 


81 


r 


CO 

UJ 

> 

H 

O 

111 

“3 

CQ 

O 


$ 

o 

LL 

0) 

> 


>> 
O 
O  C 
O 


> 

c 

o 

o 


>s 

o 

c 

o 

o 


O 


n 


1q  ^ 

"iw  c/3 

i5  i 

CO  < 


o 

»«i^« 
> 
vu 

T“ 

0 
CQ 

•o 
0 

cn  c  i2 


LU 

c 

o 


LU 

c 

o 

‘c/3 

u. 

0 

> 

c 

o 

O 


E 

0 

0 

m 


w 

0 

D 

CT 

•  MM 


o 


I 

O 

< 

o 

oc 

Q. 

Q. 

< 


0 

E 

CO 


LU 

CL 

_C 

0 

> 

0 

Q 


J 


Determine  the  Detailed  Internal  Energy  Balance 
Compare  Detailed  Measurements  with  Theoretical  Models 
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Qytryjg^ 


The  key  scientific  issue  for  laser  rocket  propulsion  using  continuous  laser  bcants  is 
gas  heating  by  laser  supported  plasmas.  Cold  gases  do  not  absorb  the  laser  energy  at 

wavelengths  of  current  interest  (,  I  p,  to  1 1  ^i).  Only  by  sustaining  an  intense  plasma,  at 
fluxes  of  the  order  of  10^  watts/cm“,  can  the  laser  energy  be  absorbed  via  inverse 
bremsstrahlung  and  some  molecular  band  absorption.  Such  laser  supported  plasmas 
(LSP)  form  near  the  focus  of  a  converging  high-power  laser  beam,  and  have  been  found  to 
be  stable  under  a  wide  range  of  power,  pressure,  beam-convergent  f/no.'s  and  flow 
velocities. 

Temperatures  within  the  plasma  core  are  extremely  high  (approaching  20,000  K), 
meaning  that  the  core  is  highly  ionized  and  able  to  strongly  absorb  the  laser  energy,  as 
mentioned,  through  inverse  bremsstrahlung  continuum  absorption.  Unfortunately,  the 
very  high  temperamres  also  tend  to  lead  to  significant  radiation  losses  from  the  plasma, 
particularly  in  the  visible  and  UV  spectrum. 

Thus,  the  key  to  the  problem  is  maximizing  the  laser  energy  absorption  by  the 
plasma,  while  at  the  same  time  minimizing  radiation  losses  to  the  chamber  walls.  In  this 
way,  the  fractional  retention  of  the  laser  energy  by  the  propellant  gas  (i.e.,  the  thermal 
conversion  efficiency)  is  optimized. 


In  order  to  achieve  this  objective,  the  fundamental  behavior  of  propenies  of  LSP’s 
must  be  studied  under  a  wide  range  of  condidons.  Of  parncular  interest  are  plasma  core 
temperature  distribudons,  plasma  size  and  stability  information,  absorption  fractions, 
radiadon  losses,  characterization  of  the  flowfield  around  the  LSP,  and  most  imponantly, 
measurements  of  the  thermal  conversion  efficiency.  Laser-sustained  plasmas  have  been 
studied  for  over  a  decade,  but  only  a  few  invesdgadons  have  been  performed  with  the 
application  of  propulsion  in  mind  (i.e.,  operadon  in  forccd-convecdvc  flow  regimes). 

University  of  niinois  Studies 

The  primary  purpose  of  ongoing  research  at  the  University  of  Illinois  is  to  provide 
fundamental  measurements  of  both  the  local  and  global  properties  of  laser-sustained 
plasmas  in  flowing  argon,  (a  substitute  for  Hn)  so  that  the  feasibility  of  laser  propulsion 

may  be  accurately  assessed.  As  mentioned  above,  properdes  of  parncular  interest  include 
plasma  temperature  fields,  stability  and  inidadon  informadon,  global  absorption  fractions, 
and  thermal  efficiencies. 

The  laser  employed  in  the  e.xpcrimenis  is  an  Aveo-Everett,  Model  HPL  10  CW  CO2 

laser  capable  of  sustained  10  SeW  beam  output  at  10.6  microns.  The  beam  a.xial 
cross-section  is  annular  with  a  Gaussian  energy  distribution  over  the  radial  cross-section. 
To  facilitate  materials  processing  (the  laser's  primary  function),  the  annular  beam  has  been 
e.xpandcd  to  a  diameter  of  2.6  inches. 

Laser  sustained  plasmas  are  created  by  focusing  the  laser  inside  a  cylindrical 
absorption/flow  chamber  shown  in  Fig.  1.  The  chamber  is  placed  vertically  at  the  test 
stand  to  preserve  internal  axial  flow  symmetry  in  the  presence  of  strong  buoyancy  effects. 
The  chamber,  attachment  flanges,  various  ports  and  feed-throughs,  and  window 
assemblies  were  machined  from  304  stainless  steel.  Stainless  steel  was  chosen  for  its 
strength  and  corrosive  resistance.  A  5-in.  ID  was  selected  to  allow  complete  studies  of 
thermal  mixing  in  the  flowfield. 

Plasmas  arc  initiated  by  focusing  a  10  kW  CW  CO2  laser  inside  a  pressurized  flow 

vessel  through  a  sodium  chloride  window.  The  f/no.  of  the  focusing  optics  can  be  varied 
from  f/2.2  to  f/8,  and  the  pressure  and  flow  rate  of  the  argon  gas  can  be  varied  widely. 
Actual  plasma  iniriation  is  achieved  by  insening  retractable  zinc  or  tungsten  targets  at  the 
laser  focus. 


Emissions  from  the  plasma  arc  used  to  spectroscopically  measure  temperatures 
within  the  plasma  core,  using  an  OMA-3  spectroscopic  system.  The  laser  energy  that  is 
transmitted  through  the  plasma  is  collected  and  measured  by  a  copper-cone  calorimeter 
mounted  above  the  chamber.  Temperature  distriburions  in  areas  downstream  from  the 
plasma  arc  measured  using  a  movable  grid  of  high-temperamre  thermocouples.  These 
measurements  can  then  be  used  to  assess  flow  patterns  within  the  chamber,  and  to 
determine  thermal  conversion  efficiencies.  A  laser-induced  fluorescence  diagnostic  system 
is  also  being  used  in  an  effort  to  obtain  more  accurate  instantaneous  temperamre  mappings 
of  the  downstream  flow  regions,  as  well  as  for  qualitative  visualization  of  flow  patterns 
near  the  plasnu. 

References  [1]  through  [4)  provide  descriptions  of  the  work  performed  to  date  with 
these  facilities. 

ImnortantCondusions 

Laser-sustained  plasmas  have  been  initiated  and  maintained  in  pressurized  flowing 
argon  under  a  wide  range  of  flow  and  power  conditions.  The  plasmas  tend  to  be  highly 
stable  energy  conversion  mechanisms,  but  can  be  forced  to  extinguish  through  either  a 
reduction  in  power  or  an  increase  in  flow  velocity. 

Spectroscopic  temperature  scans  of  the  plasma  have  been  used  to  study  the  size, 
shape,  and  behavior  of  the  LSP  under  different  power  and  flow  conditions.  These 
temperature  fields  have  subsequendy  been  used  to  calculate  absorption  fractions  and 
thermal  efficiencies,  and  have  been  shown  to  agree  well  with  out  other  independent 
measurement  techniques.  Also,  it  has  been  shown  that  local  thermodynamic  equilibrium 
c,xists  within  the  plasma  core. 

Global  absorption  fractions  have  been  measured  under  different  conditions,  with 
fractions  as  high  as  80  percent  being  typical.  Increasing  absorption  with  laser  power  is 
indicated,  a  trend  that  becomes  more  pronounced  when  the  f  number  of  the  focusing  optics 
is  increased. 

Thermal  efficiencies  have  been  measured  under  a  range  of  conditions  using  a  grid  of 
thermocouples.  Values  as  high  as  40  percent  have  been  recorded.  It  has  been  found  that 
efficiency  tends  to  decrease  with  laser  power,  but  to  increase  with  flow  velocity  (until  a 
peak  value  is  reached  and  blowout  subsequendy  occurs). 
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Accompanying  Text  for  Workshop  Figures 


Figure  1 

Schematic  of  the  current  experimental  test  stand.  Of  particular  interest  are  the  precision 
optical  mounts  which  carry  the  two  lower  copper  mirrors,  the  transladng  stage  which  positions 
the  focusing  lens,  the  sintered  steel  flow  straightener,  and  the  converging  quanz  section. 

Figure  2 

Detailed  schematic  of  the  laser  absorption  chamber  shown  also  «n  Figure  1.  .As 
originally  designed  the  24  gas  inlet  holes  created  flow  turbulence  which  resulted  in  plasma 
instability  at  flow  velocities  approaching  2  .m/s.  Currentiy  a  sintered  steel  flow  straightener 
quiets  the  flow  substantially,  allowing  for  stable  plasmas  at  much  higher  flow  velocities.  The 
converging  quartz  section  shown  accelerates  the  flow  to  almost  10  m/s  at  28.1  g/s.  Other 
sections  can  be  used  which  speed  up  the  flow  even  more. 

Figure  3 

In  addition  to  improvements  to  the  gas  inlet  system,  two  successive  laser  beam 
alignments  have  been  performed  which  also  increased  the  stability  of  plasmas  at  higher  flow 
velocities.  The  effect  of  tiiesc  changes  on  the  velocity  at  which  a  plasma  becomes  unstable  is 
seen  in  this  figure.  These  curves  are  for  plasmas  sustained  with  an  r74  focusing  geometry.  We 
were  unable  to  extinguish  an  f/4  plasma  at  l.i  kW  with  our  maximum  flow  capability.  .N'o 
curve  has  yet  ben  produced  for  f/7  plasmas,  but  they  have  been  shown  to  be  less  stable  than  f/4 
plasmas.  It  is  because  of  these  improvements  to  the  test  facility  that  new  operating  conditions 
can  be  e.xplored  and  compared  to  theoretical  predictions. 

Figure  4 

Results  of  high  velocity  expcninents  with  f/7  focusing  optics  and  1  atmosphere  argon 
pressure.  As  seen  in  previous  work,  there  :s  an  upward  trend  in  efficiency  with  the  increasing 
argon  mass  flux  (g/sm^),  made  possible  by  the  converging  section.  High  flow  velocity  (i.e. 
mass  flux)  indicates  a  cooler  overall  plasma  with  less  radiation  loss.  The  figure  shows  that  a 
higher  power  plasma  achieves  an  etficiency  comparable  to  a  lower  power  plasma  only  at  a 
higher  mass  fluxJt  appears  that  a  kW  plasma  is  at  an  ill-matched  operating  condition.  Figure 
5  shows  that  a  5  kW  plasma  has  a  higher  global  absorption  fraction  than  a  2.5  kW  plasma,  and 


therefore  has  the  potential  for  a  higher  thermal  conversion  efficiency.  Higher  velocity 
experiments  must  be  performed  to  map  out  the  behavior  of  a  series  of  experiments  such  as  that 
shown  here,  in  an  effort  to  optimize  the  operating  conditions  at  high  power.  ITiese  trends  will 
become  important  when  a  mass  flux  is  required  for  a  ceruin  application  that  is  beyond  the 
blowout  mass  flux  of  a  given  lower  power  plasma. 

Figure  5 

Shows  that  higher  input  laser  power  results  in  higher  global  absorption  fractions.  It 
appears  that  a  5  kW  plasnu  requires  a  higher  mass  flux  to  achieve  its  peak  absorption  than  due 
the  lower  power  plasmas.  This  is  because  a  higher  power  plasma  will  stabilize  further 
upstream  of  the  laser  focus  at  a  given  mass  flux,  which  is  a  characteristic  of  ill-matched 
operating  conditions.  Because  efficiency  is  still  on  the  rise  at  these  mass  flows  tF’§ure  •i),  it 
appears  that  there  is  a  strong  radiadve  dependence  on  flow  velocity  as  well. 

Figure  6 

Compares  measured  efficiency  using  two  flow  configuradons.  .All  the  points  below 
200  cm/s  are  dau  taken  without  a  converging  secdon  in  the  chamber,  and  the  points  above  200 
cm/s  are  with  a  converging  section.  The  obvious  discondnuity  in  the  data  is  probably  due  to 
significantly  higher  heat  losses  from  the  exhaust  gas  when  using  the  converguig  section.  More 
than  seven  times  less  mass  flow-rate  (g/s)  is  required  to  achieve  a  given  velocity  with  this 
converging  section  than  without,  resulting  in  temperanire  increases  seven  times  greater  if  equal 
efficiency  is  to  be  realized  ti.e.  no  discontinuityj.  If  one  assumes  that  this  required  temperature 
rise  is  realized,  then  one  will  see  that  heat  losses  dependent  upon  temperature  difference  with 
the  surroundings  U.e  convection  and  radiation  to  the  cold  chamber  walls),  will  be  increased. 
What  is  measured  with  our  thermocouple  diagnostics  is  the  temperature  after  the  above  heat 
losses  have  taken  place,  giving  the  appearance  of  dramatically  lower  efficiency.  If  the  above 
discussion  is  a  valid  explanation  of  the  discontinuity,  then  efficiencies  approaching  50%  are 
evidenced. 

Figure  7 

Shows  the  effect  of  increasing  the  chamber  gas  pressure  on  global  absorption  for 
plasmas  at  constant  mass  flu.x  ig,'Nm-).  As  pressure  increases  the  plasma  shifts  further 
upstream  of  the  focus  due  to  an  mcrc.ise  in  absorption  coefficient.  However,  the  shift  into  a 
lower  intensity  region  of  the  beam,  along  with  a  significant  decrease  in  size  of  the  plasma 
results  in  a  decrease  in  overall  al^sorption  fraction.  Better  matching  of  the  mass  flux  with 
power  and  high  pressure  should  result  in  global  absorption  fractions  at  least  as  high  as  for 


135 


plasmas  at  atmospheric  pxessure.  Running  expeiiments  with  elevated  pressure  and  with  double 
or  triple  the  present  mass  flux  range  should  help  answer  this  quesdons. 

Figure  8 

Shows  the  resultant  decrease  in  thermal  efliciency  with  increasing  pressure  at  consunt 
mass  flux.  The  decrease  in  global  absorpdon  coupled  with  an  increase  of  radiadve  emission 
coefflciimt  with  gas  pressure  cuts  the  thermal  conversion  fracdon  significandy.  Experiments  at 
elevated  mass  flux  will  be  helpful  in  undersunding  the  relationship  between  operating 
condidons  and  the  various  energy  conversion  tracdons. 

Figure  9 

Shows  that  at  a  given  power  plasma  at  elevated  pressure,  global  absorption  is 
increasing  with  increasing  mass  flux.  This  appears  tc  **'*.  a  result  of  pushing  the  plasma  closer 
to  the  focus,  representing  a  better  matched  set  of  operadng  condidons.  Once  again,  even 
higher  mass  fluxes  should  be  used  in  an  attempt  to  optimize  the  plasma  energy  conversion 
operadng  condidons. 
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High-Power  Lasers  for  Laser  Propulsion: 
Solar  Pumped  Laser  Option 


Introduction 

Laser  propulsion  systems  utilize  the  energy  of  a  high  power  laser  beam  to 
heat  a  propellant  for  production  of  thrust  from  the  propellant  expansion. 
Recently  much  progress  has  been  made  in  the  development  of  high-power  lasers, 
especially  free  electron  'asers  (FELs),  whicn  could  be  scaleo-uo  to  the  power 
level  required  for  propulsion.  The  laser  propulsion  systems  are  divided  into 
three  types,  namely,  continuous-wave  (CW),  repetitively  pulsed  {RP)  and 
advanced  or  hybrid  propulsion  systems.  Therefore,  the  requirements  for  lasers 
vary  accordingly.  However,  the  average  powers  delivered  by  the  lasers  are 
estimated  to  be  10-MW  level  for  orbit- to-oroit  maneuvering  and  1-GW  level  for 
earth-to-orbit  launching  of  useful  payloads.  It  is  obvious  that  even  the 
highest  laser  power  ever  leveloped  to  iate  is  still  a  ‘ew  orders  of  magnituce 
below  that  required  for  propulsion.  Therefore,  the  choice  of  the  lasers  to  be 
developed  for  laser  propulsion  must  first  oe  based  on  their  power 
scalability.  Beam  transmission  characteristics  for  long  distances  are  also 
basic  criteria  for  the  choice. 


II.  Ground-Based  Lasers 

The  concept  of  ground-based  lasers  with  relay  mirrors  in  space  for  laser 
propulsion  is  an  emerging  new  approach  to  advance  launching  of  spacecraft. 

The  lasers  capable  of  providing  sufficient  thrust  to  useful  payloads  and 
various  mechanisms  for  thrust  generation  have  already  been  discussed. 
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Figure  1  shows  the  state-of-the-art  performance  of  high  power  lasers 
considered  for  this  approach  and  that  they  are  a  few  orders  of  magnitude  below 
the  requirement.  However,  the  scaling  to  the  power  levels  required  seem  to 
have  no  fundamental  limitations  and  even  multiple-unit  laser  arrays  may  be 
formed  to  satisfy  the  need.  The  laser  propulsion  systems  powered  by  ground- 
based  lasers  have  been  the  major  approach  of  the  AFOSR  program  and  discussed 
fully  at  the  1986  workshop  held  at  LLNL.^  This  talk  will  present  other 
options  with  space  borne  light  weight  systems. 

III.  Space  Borne  Lasers  for  Propulsion 

Although  ground-based  lasers  could  be  developed  for  earth- to-orbit 
launching,  space-borne  laser  systems  provide  many  advantages  not  only  for 
orbit  maneuvering^  but  also  for  earth- to-orbit  launching.  The  most 
troublesome  aspect  of  the  ground-based  laser  system  for  propulsion  is  earth 
atmospheric  intervention  of  laser  DOwer  transmission  between  the  laser  and  the 
space  relay  mirror.  Having  the  space  borne  laser  system,  all-weather 
launching  could  be  made  when  chemical  propulsion  is  used  for  the  first  stage 
to  lift  the  payload  above  the  tropopause.  On  the  other  hand  the  space  borne 
laser  systems  require  costly  launching  of  the  laser  system  and  subsequent 
refueling  of  the  active  materials.  Therefore,  the  evaluation  of  these  systems 
should  be  made  with  respect  to  the  masses  of  the  system  and  fuel.  The 
candidate  space  borne  lasers  are  classified  in  figure  2. 

a.  Electric  Discharge  Lasers:  Figures  3  and  4  compare  one-megawatt 
lasers  driven  by  the  solar-photovoltaic  power  generated  in  space. ^  Figure  3 
lists  the  intrinsic,  electric,  and  overall  efficiencies  and  the  areas  of  the 


solar  photovoltaic  panels  and  the  radiators  for  cooling  the  laser  systems. 

The  diode  laser  array  Is  Included  in  the  table  since  its  recent  development 
achieved  high  power  output  (1  watt  per  cell)  and  it  should  be  possible  to 
fabricate  laser  arrays  with  a  large  number  of  cells.  Figure  4  shows  the 
comparison  of  the  system  masses  of  these  lasers.  The  masses  estimated  here 
are  based  on  the  recent  references  as  cited. 

It  is  obvious  that  the  diode  array  is  the  lightest  of  four  systems 
compared.  This  result  is  due  to  the  high  efficiency  (30  percent  intrinsic, 

0  percent  solar-to-laser)  and  to  the  minimal  electric  power  conditioning 
required  for  its  low  voltage  operation.  However  the  large  scale  diode  array 
has  not  been  considered  for  laser  power  transmission  and  technology  issues 
arise  about  the  attainment  of  a  beam  quality  needed  for  long  distance 
transmission  of  the  beam.  Further  discussion  will  be  made  later. 

b.  Direct  and  Indirect  Solar-Pumped  Lasers.  Under  this  category  we 
include  the  iodine,  I3r,  solid-state  Md^'^  in  host  crystals,  CO2  ana  30  lasers 
excited  by  solar  energy  without  converting  it  to  electrical  power.  Figure  5 
is  a  summary  of  the  direct  solar-pumped  iodine  laser  research"^"^  pursued  at 
NASA  Langley  Research  Center.  There  are  other  high-risk  solar-pumped  laser 
systems  as  listed  in  figure  2.  However,  these  are  not  developed  to  the  power 
level  that  should  be  considered  here.  The  results  of  a  1-megawatt  iodine 
laser  system  study^  are  shown  in  figure  6.  Note  that  a  large  portion  of  the 
total  mass  is  due  to  the  common  subsystems  required  for  all  types  of  the 
system.  The  major  items  are  the  laser  transmission  optics  and  the  attitude 
control  system.  To  compare  fairly  the  mass  of  the  diode  array  which  was  cited 
earlier  but  did  not  include  these  subsystems,  the  sum  (30,270  kg)  of  the 
masses  for  the  solar  collector  (14,800  kg)  and  the  radiator  (15,470  kg)  (no 
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power  conditioning)  from  the  table  should  be  used.  We  see  that  the  Iodine 
laser  and  diode  array  systems  have  closely  comparable  masses  (30,000/ 

45,000  kg).  The  beam  profile  control  issue  that  is  of  concern  for  the  large 
diode  array  system  can  be  easily  resolved  for  the  iodine  system  by  adapting  a 
master  oscillator  power  amplifier  (MOPA)  scheme,  in  which  the  beam  profile  is 
easily  controlled  by  a  small  master  oscillator.  If  the  beam  profile  control 
of  the  diode  array  is  not  solved  the  diode  array  may  be  forced  to  pump  other 
laser  systems  such  as  Nd^'*’  solid  state  lasers.  When  such  methods  are  adopted, 
the  system  mass  increases  to  39,576  <g  for  1  MW  output  and  is  no  longer 
justified  for  the  space  borne  laser  system.  The  mass  increase  is  due  mainly 
to  a  low  overall  efficiency  (2.1  percent)  of  the  solid  state  laser  pumped  by 
the  diode  array.  Figure  7  gives  the  details  of  this  estimate.  One  notices 
that  the  overall  efficiency  is  reduced  by  e  factor  of  three  for  adopting  the 
diode  pumped  solid  state  system  and  accordingly  the  system  mass  increases 
significantly. 

Pigure  3  is  a  schematic  '•eoresentation  of  the  solar-oumped  laser  power 
station.^  The  solar  rays  are  collected  by  the  pseudo-parabolic  solar 
collector  and  directed  toward  tne  laser  tuoe  placed  along  the  axis.  The  laser 
medium  in  the  gas  phase  aosorbs  the  near  UV  band  and  transmits  all  other 
remaining  wavelengths  to  space.  Therefore,  the  transmitted  energy  does  not 
become  the  thermal  load  to  the  system.  This  fact  is  very  important  to 
consider  for  determining  the  cooling  requirement.  The  solar  collector  can  be 
fabricated  with  a  thin  aluminum  coated  film  with  0.1  kg/m^  density.  For  1  MW 
output,  the  laser  medium  wst  aosorb  approximately  5  MW  for  the  intrinsic 
efficiency  of  21  percent.  Since  the  energy  in  the  near  UY  band  effective  for 
t-C4FgI  in  the  air  mass  zero  solar  irradiance  spectrum  is  only  3  percent,  the 
total  solar  energy  of  162  MU  must  be  collected,  although  most  of  it  (157  MW) 


is  uneffective  and  returns  to  space.  This  calls  for  a  large  solar  collector 
(122,665  395.3  tn  diatn.).  Figure  9  depicts  the  thermal  and  flow  cycle 

calculations.  Notice  that  the  radiator  is  required  for  only  4  HU  of  cooling 
power.  For  details  of  these  calculations  see  the  reference  7.  The  study 
presents  a  conclusion  that  the  solar-pumped  l-megawatt  iodine  laser  system 
with  a  mass  of  92,000  kg  can  be  adopted  for  the  laser  power  station  in  a 
medium  high  orbit  6378  km.  The  mass  of  the  system  corresponds  to  the  payload 
capability  of  four  space  shuttle  flights.  Since  there  seems  to  be  no 
fundamental  limit  for  scaling  this  system,  the  requirements  of  laser 
propulsion  could  be  met  by  future  development  of  this  system. 

IV.  Conclusion 

The  candidate  lasers  suitaole  for  laser  propulsion  have  been  discussed 
for  their  adoption  to  the  ground-based  and  space  borne  systems.  The  recently 
developed  high-oower  diode  laser  array  is  included  for  evaluating  the  'aser 
power  transmitters.  It  is  found  that  the  diode  laser  array  could  be  a  light¬ 
weight  system  suitaole  for  using  on  the  soace  borne  power  station,  as  is  the 
direct  solar-pumped  iodine  laser  system  under  study  at  NASA.  However,  beam 
profile  control  is  required  for  the  diode  laser  array  and  a  breakthrough  in 
this  field  is  necessary.  The  direct  1-megawatt  solar-pumped  iodine  laser 
system  corresponds  to  only  four  shuttle  payloads  for  its  unique  system 
kinetics  and  no  fundamental  limit  to  inhibit  further  scaling  of  this  system  is 
likely  to  exist. 
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[Q^AL  SQimrcy  QF  I£W  SPEED  FKWS 
WITH  gIPQHS  pgasy  ADOmCtl 


Charles  L.  Merkle 
Mechanical  Engineering  Department 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

The  highly  develcped  nnmerical  algorithms  fran  external  aerodynandcs 
are  being  losed  to  calculate  low  i^eed  flows  with  strcng  energy  addition, 
including  laser  supported  plasmas.  These  zdgorithms  are  well  understood 
mathematically,  are  of  high  accuracy  with  low  numerical  dissipation  and 
are  easily  expressed  in  arbitrary  boefyfitted  coordinates  so  they  can  be 
routinely  used  on  realistic  georoetries.  In  addition,  they  apply  to 
viscous  or  inviscid  problems,  an  attribute  that  is  extremely  iaportant 
for  high  Reynolds  nunter  flow  calculations,  and  they  can  be  used  for 
steady  or  unsteacty  flows.  The  use  of  a  time-li)ce  procedure  enables  both 
initial  and  boundary  conditions  to  be  formulated  in  a  manner  analogous  to 
experiment.  Unfortunately,  these  transonic  flew  techniques  are 
inefficient  at  low  speeds  and  require  adaptation  for  the  present  class  of 
problems.  Appropriate  adaptations  for  low  speeds  and  lew  R/^niolds  number 
conditions  have  been  developed  and  are  given  belcw  along  with 
e^lications  to  laser-sr^Dported  plasma  calculations. 

There  are  two  basic  procedures  that  can  be  used  to  ensure 
oonvergenoe  of  a  numerical  scheme  in  a  particular  problem.  In  the  one, 
the  iterative  technique  is  modified  to  give  a  convergent  solution  to  the 
desired  flowfield.  In  the  second,  the  flowfield  itself  is  changed  (by 
adding  numerical  viscosity)  until  convergence  can  be  attained.  The 
former  method  has  been  used  here,  starting  with  the  inviscid  and  then 
proceeding  to  the  viscous  problem. 


J 


In  inviacid  flows,  the  oonvergenoe  rate  slows  down  rapidly  as  the 
Mach  runber  is  decreased  because  of  the  interaction  between  the  stiff 
eigenvalues  and  the  apprcocinate  factorization  used  in  inplicit  schemes 
(Figs.  1  and  2) .  This  slowdown  is  easily  offset  by  rescaling  the 
eigenvalues  (Fig.  3) ,  but  this  inviscid  rescaling  beccnes  inappropriate 
as  the  Reynolds  nunber  is  reduced  to  the  low  values  that  are 
representative  of  laser-supported  plasmas  (Figs.  4  and  5) .  The  addition 
of  a  viscous  scaling  in  carbination  with  the  inviscid  eigenvalue  control 
provides  convergence  that  is  independent  of  both  Reynolds  nunber  and  Mach 
nunber  from  transonic,  high  Reynolds  nunber  conditions  to  lew  speed,  lew 
Reynolds  nunber  conditions  (Figs.  6  and  7) . 

Representative  results  obtained  with  this  modified  algorithm  are 
shown  in  Figs.  8  and  9.  The  tenperature  and  velocity  contours  in  a  duct 
with  volumetric  heat  addition  (Fig.  8)  and  convective  heating  through  the 
walls  (Fig.  9)  are  shewn  for  low  speed  flow  and  Reynolds  nunbers  ranging 
from  infinite  (inviscid)  to  0.05.  l^sentially  identiezd  rates  of 
oonvergenoe  were  observed  in  all  cases.  It  is  emphasized  that  this 
oonvergenoe  was  not  done  by  adding  dissipation  to  the  solution,  but  by 
properly  choosing  the  time-marching  (iteration)  path.  Ihe  results  shew 
the  expected  increasing  effects  of  diffusion  as  Reynolds  nunber  is 
decreased  and  the  totally  different  character  of  the  flcwfields  in  these 
different  regimes.  A  sunmary  of  the  Mach  nunber/Reynolds  nunber  regime 
over  \^ch  effective  convergence  is  obtained  is  also  shown  (Fig.  10) 
along  with  the  bounds  of  the  unmodified  procedure. 

With  these  modifications  (sunmarized  in  equation  form  on  Fig.  11), 
the  centrally  differenced  algorithm  can  xxw  be  applied  to  laser-supported 
plasma  calculations.  A  representative  flow  and  radiation  grid  is  given 


cn  Fig.  12.  The  cx3upling  of  the  radiation  field  with  the  flew  equations 
does  eiffect  cxtivexgenoe,  and  several  alternatives  are  avzdlable.  A 
direct  iaplicit  solution  of  both  radiation  and  fluids  (Fig.  13)  gives  an 
extranely  rt±ust  solver  that  provides  convergenoe  to  machine  accuracy  in 
about  10  iterations  and  to  engineering  accuracy  in  about  4  iterations 
(Fig.  14) ,  however  it  is  expensive  in  terms  of  CPU  time.  Other 
procedures  include  either  direct  or  ADI  solution  of  the  fluids  equations 
with  iterative  updates  of  the  radiation  equations  (also  shown  on  Fig.  14) 
laser  results  for  all  tiu^ee  procedures  have  been  obtained. 

Representative  results  for  laser  absorption  with  a  simplified 
re-radiation  expression  are  shown  on  Figs.  15-17.  Figure  15  shows  the 
relative  insensitivity  of  the  plasaa  location  for  variations  in  laser 
power  at  an  inlet  velocity  of  1  aa/s.  Figure  16  shows  the  fairly  strong 
forward  movement  of  the  plasma  as  the  flow  speed  is  reduced  by  two  orders 
of  magnitude.  Finally,  Fig.  17  shows  the  mevonent  of  the  plasma  as  both 
the  flowfield  and  the  laser  diameter  are  scaled.  Continued  seeding  in 
laser  size  beyond  that  shown  appears  to  result  in  a  configuration  for 
whioh  laser  absorption  does  not  occur. 

Additional  work  is  in  progress  on  irproved  radiation  loss  models  to 
enable  scale-ip  to  larger  laser  sizes.  Representative  calculations  of 
broad-band  absorpticn  of  hydrogen-alkali  metal  vapor  mixtures  (Figs.  18 
and  19)  have  been  obtained  as  a  first  step  in  estimating  radiative  energy 
balances  of  the  re-radiated  energy.  Major  issues  to  be  addressed  in 
laser  propulsion  modeling  include  iitproved  modeling  of  radiation  losses, 
and  size  scale-rp  to  large  lasers. 


COMPUTATIONAL  SOLUTION  OF  LOW  fiPKRn 
FLOWS  WITH  STRONG  ENERGY  AOniTION 
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Modified  Low  Mach  Number  Viscous  Formulation 
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(b)  Velocity 

Re=.‘5000,  6=1  [le=50,  6=4  Re=0.05,  6=4x10 


Applicable  now  Reoiine  of  Low  Mach  Number  Viscous  Formulation 


VI 

Cl 

o 

VI 

c 


ON 


193 


>u 

CJ 

S 

C 

a 

o 


3 


u 

o 

V) 


u 

a 


X 


II  III 
ii  III 

.bli  HU 
.  iOUlllllllll 
•tuiiuiiiliii 
IIIIIIIIUIIU.  IBUItlllilll 

■ilitlituoM>  •nijuiiutli 

•suitiiiiiaa 


lllllii 


iiiiiiiQ 

lllllillD 


o 

C\ 


1 

nr  •  '  I 


Fig.  1  Matrix  Structure  for  Radiation/Fluids  Computation. 

-  -Lines  show  regular  fluid  variabiesj-circles  are-for 

_ radiatipnjntensity._  _ _ _ _ _ _ 


Iteration  Step 


max 


=  16868K 


Temperature  Field  with  Chamber  Geometry 
Variation 


=  14769K 
max 


m 

E* 

U 

0)  0) 


•  • 

Eh  4J 
(0 

O 

(D  C 

>  -H 

Q 

-H  TJ 

2  M 

U 

0  0 

Q 

(D  0 

2  E 

>  U 

W  0 

c 

&H  ^ 

2  0  TJ 

X  U 

2  0  (D 

w 

Eh  4J 

W  '0 

H  <i-J  JJ 

2  C  (D 

2  0  -H 

H  0  4J 

O  W  «« 

W  •<-!  <0  r-O 

q  CP  Jh  X 

Q  n  4J  ot 

C  (D  TJ 

C  -H  Jj  *0 

<  -H  2  0 

EJ  0  TJ  W  O  H 

U  E  2 

>*H  C  C 

W  C  3 

<4J  0  0  II  II 

>  (D  2  X 

2  -H  a  E 

H  Jh  >-i 

TJ  0  (D  2 

Eh  (D  (/)  (0 

W  C  Q  2 

<  ‘iH  TJ  Jh 

Q  0  (D  0 

2  rH  4J 

O  U  (D  0 

cq  ‘H  0  ‘H 

2  E  0  4J 

Eh  Q  C  2 

J-i  3  C  U 

H  X  ;4 

H  0)  2  (D  TJ  -H 

1  H  <D  < 

2  Si  CP-H  C 

cq  (c  2 

E  W  0  0 

2  }H  C 

cq  3  *3  <D  (fl  W 

H  4J  H  -H 

>  2  H  >  -H  3 

Eh  C  rH 

H  0  C  >  (0 

o  (D  TJ 

2  C  0  3  M 

Q  o  O  (D 

<3  U  X  U  H  5^ 

a  m 

2  (C  (D 

N  m  H  W  E 

«  2  «  TJ 

H  5  fH  ID  (D 

Eh  ‘H 

2  0  <  Jh  4J 

H  :i  s  a 

<  H  aw 

1  0  0  (0 

2  rH  4J  X  X 

X 

W  ►q  2 

H  <  (0  W  CO 

CJ 

2 

2 

< 

H 

cq 

2 

Eh  I  1  1 

O  1  1  • 

2 

D 

- 

W 

• 

• 

201 


U 

u 


•H 

E 

rtJ 

C 

O 

2 

C'J 

TJ 

o 

I 

W 

H 

o 

(0  W 

Eh 

•  rH 

O  C 

W 

\  0 

(D 

c 

C  -H 

W 

D 

0  4J‘ 

W 

O 

•H  (C 

0 

2 

X 

4->  U 

< 

u 

«J  (D  4J 

•  o 

13 

•«H  4J  .(H 

C 

4J 

Jh 

TJ  H  U 

0  w 

2  —f  3  (0  -H  -H 

OU  O  «TJH  JJQ) 

H-H  O  (Da  (C  W 

f^rH  <  -PUB  U-HIO 

aa  -H-OH  ZTJhJ 

CS  E  (D  DC  H  (C 


OH  C 

•H  3 

(D 

2  2  (D 

CO  W  -H 

H  2 

H  CP 

Q  X  U  2 

C: 

(0 

<  H  k 

<3  rH  ‘H  U 

E  U 

E  X 

2  0  (0 

rH  E  10 

H  ID 

•H  H 

2  2 

2  3  10  2 

2 

X  35 

2  CP 

H  2  C 

X 

0  0 

C  0 

CO  X  0 

H  M 

Jh  rH 

CO  ‘H  4J 

^  •-TJ  H-J 

rH  tH 

aco 

2  H 

M  TJ  W 

W  3 

a 

2  (D  a 

(D(0WCaW<W  (J'OD 

Of-IU(DO  (U  (D  aoi 

E-t  a\  D'-H  V  CT'  ^  CP  O  S  (D 

K  fH 

200(D(n(D(D(D(D  ^^^(n 

OU*H>J-iH>H>  (DU 

H  j->c(Dacac  £-t>w 

Eh>i(0O^3O3O  20 
CrH-HUHOUOU  <U(D 

UrH-o  u  u  E-iaN. 

43(0’  c  C  2E*H 

DtC3l  OHW 


I 


I 


203 


LASER  PROPULSION  WORKSHOP 

University  of  Illinois 
Februsry  S-10,  1988 

ABSTRACT 
Ssn*>Mou  Jeng 

Center  foz  Leser  Applications 
The  University  of  Tennessee  Space  Institute 
Tullahoma«  Tennessee  37388 
€15  455-0631 


This  abstract  sumarizes  the  results  of  research  efforts  over  the  past 
two  years  at  U7SI.  The  objectives  of  the  study  were  to  develop  a  CFO  code  in 
order  to  irnprove  the  understanding  of  the  fundamental  physics  related  to 
laser-sustained  plasmas  and  to  develop  a  code  that  could  be  used  for  the 
design  of  a  laser  powered  rocket.  The  current  status  of  the  CFD 
code  and  some  important  results  from  application  of  the  code  will  be  briefly 
discussed.  A  detailed  report  on  this  research  can  be  found  in  Refs.  1-5. 

rtirr»Bt  StatiH  of  CmiipiU^r  Tiwt# 

The  two-dimensional/  steady-state  Navier-Stokes  equations  for 
ccmpressiblo,  variable  properties  flow  were  used  in  the  analysis.  The 
thermophysical  and  optical  properties  incorporated  in  the  calculations  were 
based  on  local  thermodynamic  equilibritun  (LTE) .  Geometric  optics  were 
used  to  describe  the  laser  beam  which  was  assu.Ted  to  consist  of  a  finite 
number  of  individual  rays.  Diffraction  due  to  the  lens  and  refraction  of 
the  laser  rays  through  the  plasma  was  neglected.  Beer's  law  was  used  to 
calculate  the  local  intensity  for  each  individual  ray  and  the  locally  absorbed 
laser  power  within  the  plasmas.  The  thermal  radiation  heat  flux  from  the 
plasma  was  divided  into  two  parts  —  optically  thin  and  optically  thick 
li.mits  —  which  are  based  on  the  optical  depth  as  a  function  of  wavelength  and 
physical  size  of  the  plasmas. 

The  governing  equations  were  first  transformed  to  generalized 
curvilinear  coordinates  for  numerical  calculations.  The  numerical  algorithm  is 
based  on  PISO  method  with  some  .modifications.  The  developed  code  has  the 
capability  to  calculate  complicated  flow  regions  (recirculating,  subsonic  and 
supersonic  flows)  within  a  realistic  rocket  geometry.  The  extension  of 
this  method  to  transient,  three-dimensional  flows  is  straightforward. 

£FD  Cflde.Vcrificatinn. 

More  chan  100  cases  of  rt. relations  have  been  compared  with  experimental 
results  obtained  at  UTSI  on  laier-sustained  plasmas  within  forced  convective 
argon  pipe  flows.  The  CFD  c*  :e  mas  performed  well  in  predicting  plasma  sizes 
and  positions,  temperature  distributions  and  energy  conversion  efficiency  from 
laser  power  to  the  fluid.  Ir.  a  few  cases,  the  model  did  not  perform  well 
since  some  of  the  assun^tions  were  violated.  For  example,  the  radiative  heat 
transfer  model  is  not  adequate  f:r  low  pressure  plasmas  (  <  2  atm),  and  the 


diffraction  and  refraction  of  the  laser  beam  through  the  plasma  flow  may  be 
very  important  for  certain  optical  arrangements. 

Paramftrig  fthiHy  of  HvriroffB 

The  effect  of  laser  power^  wavelength  and  beam  profile,  has  been 
investigated  using  a  wide  range  of  optical  arrangements  for  laser-sustained 
hydrogen  plasmas  under  different  forced  convective  flows.  It  was  found  that 
the  plasma  behavior  (sire  and  position)  can  be  controlled,  and  the  power 
conversion  efficiency  can  be  as  great  as  60%  using  high  speed  (>  60  m/s) 
incoming  flows  in  conjunction  with  laser  powers  greater  than  20  )cW.  It  was 
also  found  that  shorter  wavelength  lasers  (eg.  the  chemical  laser  at  2.7 
microns)  is  needed  for  plasma  operation  at  megawatt  power  levels  in  order  to 
control  the  plasma  position  near  the  focal  point. 

2(1.  k.W  Rocket  Design. 

The  purpose  of  this  study  was  to  design  a  prototype  thruster  supported  by 
a  30  SeW,  10.6  micron  laser.  The  ground  test  for  this  thruster  will  be 
scheduled  at  some  future  date.  Several  thruster  designs  having  different 
throat  sires  and  operated  at  150  and  300  kPa  chamber  stagnation  pressure  were 
studied.  It  was  found  that  focusing  the  laser  beam  at  the  throat  will  yield 
the  best  thruster  performance,  and  a  properly  designed  thruster  can  attain  a 
specific  impulse  of  approximately  1500  secs.  The  radiative  heat  loading  on 
the  thruster  wall  was  also  estimated,  and  was  found  to  be  in  the  range  of  that 
for  a  conventional  chemical  roc)cet. 
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TURBULENT  CONVE'OTVE  AND  RADL4TIVE  TRANSPORT  IN 
ADVANCED  PROPULSION  ENVIRONMENTS* 

Robert  A.  Beddini 

University  of  Illjnois  at  Urbana-Champaign 
•J 

BACKGROUND 

While  conventional  chemical  rockets  provide  large  thrust  levels  at  relatively 
low  specific  impulse,  and  electric  propulsion  systems  provide  low  thrust  levels  at 
very  high  specific  impulse,  electrodeless  plasma  heated  thrusters  (implemented 
by  various  means)  are  capable  of  bridging  this  gap.  These  systems  utilize  large, 
controllable  energy  addition  at  moderate  pressures  to  produce  temperatures  of  the 
order  K.  Concepts  i  ach  as  ,lafeer  heated  thrusters^  and  microwave  heated 
thrusters^  employ  such  contrbHecf  and  directable  energy  addition  to  achieve  a 
desired  plasma  zone  (Figures  1,2).  The  plasma  is  then  mixed  with  the  outer  flow 
and  expanded  through  a  nozzle.  Of  particular  interest  in  such  flows  are  turbulent 
convective  and  radiative  heat  fluxes,  which  distribute  the  deposited  energy,  and 
their  effects  on  the  system  enclbsure  for  chamber  cooling  requirements  and 
evaluation  of  system  efficiency.  In  Systems  utilizing  laser  sustained  plasmas  it  is 
important  to  simulate  high-power*optical  interactions  with  flowing  gases  in  order 
to  investigate  the  high  energy/flpw  coupling  as  well  as  plasma  parameters 
affecting  system  performance  (ile.,  plasma  size,  efficiency  of  absorption/ 
reradiation,  peak  temperature,  etc.) 

•  «  « 

Research  efforts  under  graht*AFOSR  86-0319  have  focused  on  the  analysis 
of  radiative  and  gas  dynamic  interactions  in  beamed-energy  propulsion  chamber 
environments.  Specific  topics  have  included  the  development  of  turbulence  , 
incident  radiative  transport  and  rtt-adiative  transport.  The  following  is  a  brief 
summary  of  the  methodology  being  feraployed. 

A  * 

Incident  flaser)  radiation:  A  new-transport  equation  for  incident  radiation  was 
developed  under  this  effort.--l:^Vhereas  prior  analyses  utilize  ray-tracing 
techniques  for  the  incident  radiation,  the  new  equation  is  of  divergence  form,  and 
permits  a  strongly  coupled  solution  with  the  hydrodynamic  equations  using 
contemporary  finite  volume  techniques. 

« 

Plasma  and  chamber  wall  rergdiotii?n:  The  PI  (first-order  spherical  harmonics) 
method  is  being  utilized.  IniCihl  w^rk  has  solved  the  coupled  one-dimensional 

(radial)  radiative  heat  flux  equdiion>imploying  a  gray  gas  absorption  coefficient. 

•  •£ 

. 

.  r 


’  Abstract  of  presentation  at  ihcntAitCSR  Laser  and  Microwave  Electrothermal 
Propulsion  Workshop,  University  of  Illinois  at  Urbana-Champaign,  February  8- 
10, 1988. 


Numerical  solution  method:  A  flux-split,  non-factored,  implicit  finite  volume 
method  has  been  implemented  for  the  time-accurate  solution  of  the  axisymmetric 
Navier-Stokes  equations  and  coupled  incident  radiation  field. 

Turbulence:  Initial  results  have  been  obtained  with  an  established  second-order 
turbulence  closure  model.  In  recent  work,  a  more  detailed  description  of 
turbulence  is  being  examined. 


EXAMPLE  RESULTS  FROM  THE  PRESENT  EFFORT 

A  flow  with  specified  energy  addition  (intended  to  simulate  a  TEM 
discharge  in  a  microwave  thruster),  has  been  analyzed  for  both  argon  and 
h3'drogen  propellants.  Flows  with  coolant  injection  through  a  porous  chamber 
wall  were  also  calculated. 

The  example  case  presented  in  Figures  3a-d,  is  the  non-iidected  flow  of 
argon  through  a  constant  area  duct  (R  s  .05848m)  with  inlet  temperature  and 
pressure  of  2700  K  and  1  atm  respectively.  Energy  addition  to  the  flow  is  50  kW 
and  mass  flow  is  0.028585  kg/s.  Figure  3a  shows  the  temperature  field  for  this 
flow,  indicating  a  peak  temperature  of  approximately  10,000  K  slightly 
downstream  of  the  region  of  peak  energy  addition.  Figure  3b  shows  the  axial 
velocity  field;  the  inlet  centerline  velocity  is  23.2  m/s  and  the  flow  is  accelerated 
and  diverted  towards  the  wall  region  by  the  strong  heat  addition.  The  centerline 
exit  velocity  is  approximately  38  m/s.  Figure  3c  shows  the  turbulence  intensity 
field  for" the  flow  (normalized  by  the  local  axial  velocity  on  the  centerline),  where  it 
can  be  seen  that  initial  turbulence  decays  and  is  no  longer  supported  in  the  high 
temperature,  low  Reynolds  number  flow  in  the  central  region.  Near  the  wall 
region,  however,  the  turbulence  begins  to  grow  in  an  annular  region  just  off  the 
chamber  surface,  reaching  approximately  6%  at  an  axial  distance  downstream  of 
10  radii.  In  Figure  3d  the  mdial  radiative  heat  flux  is  shown.  The  peak  radiative 
flux  delivered  to  the  wall  is  approximately  800,000  W/m2,  and  the  overall  peak 
radiative  flux  occurs  near  the  core  region  with  a  value  of  1.4  MW/m^. 

A  comparison  of  radiative  and  convective  surface  heat  fluxes  as  a  function 
of  axial  distaince  is  shown  in  Figure  4  for  case  involving:  (1)  argon,  (2)  argon  with 
injection  through  the  chamber  wall  (transpiration  cooling),  (3)  hydrogen  (non- 
injected),  and  (4)  hydrogen  injected.  All  cases  have  the  same  approximate 
chamber  "thrust",  and  the  dominance  of  radiative  transfer  in  the  region  of  energy 
addition  is  clearly  seen.  The  strong  effect  of  radiative  transfer  is  further 
demonstrated  in  Figure  5  which  compares  the  centerline  temperature 
distribution  for  case  one  with  the  radiative  solution  participating  and  non¬ 
participating. 

Although  turbulence  fails  to  be  supported  due  to  low  Reynolds  numbers 
encountered  in  the  high  temperature  regions,  it  can  be  produced  transitionally  in 
the  cooling  layer  near  the  surface.  The  exit  Reynolds  numbers  based  on  chamber 
diameter,  axial  mass  flux,  and  centerline  viscosity  are  on  the  order  of  10^  for  the 
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conditions  considered.  However,  Reynolds  numbers  near  the  edge  of  the  plasma 
are  on  the  order  of  20,000  based  on  local  flow  properties;  such  values  would 
usually  be  expected  to  provide  at  least  moderate  levels  of  turbulence. 

With  respect  to  laser-gas  dynamic  interactions,  the  incident  intensity  field 
calculated  with  the  third  order  finite  difference  method  for  a  60  radial  by  80 
horixontal  point  grid  is  shown  in  figure  6  for  a  non-absorbing  medium.  For  this 
grid,  approximately  6  radial  and  three  axial  points  are  retained  within  the  1  cm 
diameter  of  focal  volume.  Maximum  relative  errors  of  approximately  5%  are 
obtained  in  this  region  when  compared  with  an  exact  solution  developed  for  this 
case. 


Figure  7  shows  a  comparison  of  the  analytic  and  computational  solutions 
for  relative  intensity  as  a  function  of  axial  distance  along  the  centerline  and  at 
radial  position  off  the  centerline.  The  calculated  centerline  solution  and  peak 
intensity  are  in  excellent  agreement  for  this  case,  but  computational  errors  with 
coarser  grids  or  much  smaller  relative  focal  spot  sizes  increase  proportionately. 
An  example  calculated  temperature  field  is  shown  in  Figure  8  for  a  laser- 
gasdynamic  interaction.  The  peak  temperature  is  approximately  9300  K  (utilizing 
an  artificial  absorption  coefficient),  and  the  relatively  sharp  upstream  rise 
indicates  a  near  plasma  wave  formation  for  these  conditions.  Note  also  that  a 
secondary  increase  in  temperature  is  obtained  downstream  of  the  focus  in  the 
diverging  region  of  the  beam. 


RESEARCH  RECOMMENDATIONS 

It  would  appear  that  the  analytical  results  of  three  efforts  and  the 
experimental  results  of  two  efforts  presented  at  this  AFOSR  workshop  have,  de 
facto,  provided  at  least  one  major  consensus  of  opinion:  radiative  transport  issues 
in  the  chamber  (and,  perhaps  nozzle)  environments  of  laser  and  microwave 
propulsion  systems  are  important.  Further  research  is  required  to  address 
radiative-flowfield  interactions  which  include  losses  from  the  plasma  and 
transfer  to  and  from  the  nozzle  walls.  Radiative  transfer  to  the  chamber  surface 
does  not  provide  a  major  impediment  from  a  systems  point  of  view,  however,  since 
cooling  techniques  have  been  suggested  by  more  than  one  investigator  which  have 
the  potential  to  accommodate  significant  chamber  surface  fluxes. 

The  present  results  indicate  that  for  systems  of  a  size  (or  Reynolds  number) 
larger  than  traditional  laboratory  configurations,  turbulence  could  form  in  the 
annular  coolant  layer  adjacent  to  the  chamber  surface,  and  hence  introduces  the 
problem  of  a  transitional  or  retransitional  flow.  A  more  adequate  analytical 
representation  of  turbulence  development  should  be  pursued,  possibly  by 
formulating  a  large-eddy  simulation  appropriate  for  these  types  of  aerophysical 
environments.  The  effects  of  turbulence  are  not  necessarily  adverse,  since  the 
enhanced  mixing  that  results  could  reduce  peak  chamber  temperatures  at  a 
faster  rate,  thereby  reducing  radiative  transfer. 


Microwave-heated  plasma  propulsion  appears  promising  as  an  onboard 
energy  conversion/propulsion  system  since  power- to*beam  conversion  efliciencies 
are  substantially  higher  than  present  laser  efficiencies.  Additionally,  the  plasma 
region  .«tupported  by  the  various  microwave  discharge  modes  is  far  greater  in 
volume  than  the  focal  region  of  single  plasma  laser  discharges,  and  thus 
radiative  losses  could  be  lower  due  to  lower  peak  chamber  temperatures  (at  given 
chamber  pressures).  However,  the  plasma  frequency  limit  noted  by  Keefer 
produces  an  undesirably  low  limit  on  microwave  discharge  temperatures  and 
thermal  efficiencies,  as  indicated  by  Micci's  literature  review.  Further  research 
is  therefore  required,  and  it  may  prove  beneficial  to  implement  concepts  developed 
in  the  microwave-heated  fusion  commxmity,  where  the  problem  has  been  well 
addressed  for  a  dififerent  environment 

Finally,  the  question  of  pulsed  laser  propulsion  introduces  several  new 
research  issues.  These  include  nonequilibrium  propellant  energy  states, 
chamber  aeroacoustic  interactions,  and  electromagnetic  efTects  (the  Schwartz- 
Hora  magnetic  pulse  is  an  example).  The  breadth  of  these  actual  and  potential 
issues  will  require  the  attention  of  several  research  investigators,  with 
commensurate  benefits  toward  the  advancement  of  space  propulsion. 
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Boost  satellites  to  high  orbit 

•  Move  large  masses  with  multiple  “burns”  (lOO’s  of  kg/MW) 

•  GEO  insertion  with  space  mirror  or  reflector  on  vehicle 
Orbital  maintenance  (drag  make-up)  -  sustain  very  low  orbits 
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Environmental  Effects 
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•  Nonuniform  beam  may  have  holes 
By  radiation  or  conduction  from  hot  gas. 

Main  beam  evaporates,  e.g.,  propellant  reinforcement  or  sensor  struts 

•  Payload  protected  by  geometry  or  by  shielding 


Beam  Parameters  for  Double-Pulse  Laser  Propulsion 
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SPECIFIC  IMPULSE  VS.  INTERPULSE  TIME  (GLASS  TARGET) 
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Settle  basic  engineering  issues  for  thruster  design 
Demonstrate  continuous  thrust  -  fly  something  significant 
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MICROWAVE  PROPULSION 

Dr.  Michael  M.  Miccl 
Deparcmenc  of  Aerospace  Engineering 
The  Pennsylvania  State  University 
University  Park,  PA 

Microwave  energy  can  be  absorbed  by  a  gas  in  one  of  several  modes  in 
ordar  to  heat  the  gas  to  a  high  temperature.  Because  the  region  of  energy 
deposition  can  be  located  away  from  any  material  walls,  a  higher  gas 
temperature  can  be  obtained  than  in  devices  which  utilize  wall  heating. 
Allowing  the  high  temperature  gas  to  expand  through  a  nozzle  converts  the 
internal  thermal  energy  to  directed  kinetic  energy  to  produce  thrust. 
Experimentally  measured  values  for  microwave  plasma  temperatures  in  a 
nonflowing  gas  indicate  that  specific  impulses  up  to  2000  seconds  are 
possible.  There  are  several  advantages  for  the  absorption  of  microwave 
energy  as  compared  to  laser  energy: 

1)  Microwave  energy  can  be  introduced  into  the  absorption  chamber 
through  a  dielectric  window,  avoiding  '•‘.e  need  for  an  optically 
transparent  window  capable  of  handling  high  pressures  and  thermal 
gradients . 

2)  Gas  absorptivities  are  higher  at  microwave  wavelengths  than  at  the 
much  shorter  laser  wavelengths.  Thus  less  power  is  required  to 
ignite  and  sustain  a  microwave  plasma  compared  to  a  laser  plasma. 

3)  There  is  less  radiative  heat  loss  due  to  lower  microwave  plasma 
temperatures.  This  heat  loss  is  currently  being  quantified  for 
plasmas  which  are  between  optically  thin  and  optically  thick. 

4)  Since  microwave  wavelengths  are  of  the  same  order  as  the 
dimensions  of  the  absorption  chambers,  absorption  can  occur  in  a 
tunable  resonant  cavity. 


5)  Microwave  power  can  be  generated  mneh  more  efficiently  than  laser 
power,  making  practical  the  onboard  generation  of  microwave  power 
and  avoiding  the  problems  associated  with  beam  transmission  and 
reception.  Also,  communication  and  radar  satellites  already  have 
a  source  of  microwave  energy  onboard  which  may  be  used  for 
propulsive  purposes. 

There  is  an  understanding  of  the  process  of  microwave  energy  addition 
to  a  high  pressure  gas  for  some  of  the  available  absorption  modes  but  no 
unified  comparison  of  all  the  modes  in  terms  of  absorption  efficiency, 
maximum  temperature,  etc.  Also  there  is  little  knowledge  of  the  coupling 
of  the  absorbed  energy  to  the  gas  dynamics  required  to  obtain  propulsive 
thrust.  This  research  is  the  first  effort  to  e.xamine  and  compare  free 
floating  filamentary  (Tmoj)  and  toroidal  (TEqj)  resonant  microwave 
cavity  plasmas  and  planar  propagating  plasmas  in  hydrogen  gas  as  well  as 
the-first  examination  of  the  coupling  of  the  energy  absorption  to  the  gas 
dynamics  in  order  to  convert  internal  thermal  energy  of  the  gas  to  directed 
kinetic  energy  by  means  of  a  nozzle  expansion. 

Free-floating  resonant  cavity  plasmas  in  nitrogen  gas  have  been 
generated  for  the  TMqj  mode  and  percent  power  coupled  to  the  gas  has  been 
measured  as  functions  of  input  microwave  power  and  gas  pressure.  Th.* 
nitrogen  gas  temperature  for  zero  flow  velocity  was  spectroscopies i ly 
measured  to  be  ^SOO’K.  Experiments  have  recently  been  initisced  using 
helium  gas. 

A  numerical  model  of  propagating  microwave  plasmas  in  hydrogen,  helium 
and  nitrogen  has  been  successfully  formulated.  The  model  predicts 
propagation  velocities,  maximum  gas  temperatures,  and  percent  input  power 
absorbed  and  reflected.  The  model  is  currently  being  modified  to  include 
radiation  losses.  The  results  of  this  numerical  model  will  be  compared  to 
experimentally  measured  values  as  they  become  available. 


MICROWAVE  PROPULSION 


Dr.  Michael  M.  Micci 
Department  of  Aerospace  Engineering 
The  Pennsylvania  State  University 
University  Park,  PA 


presented  at  the 
AFOSR  User  Propulsion  Workshop 
February  8-10,  1988 
University  of  Illinois 
AT  LIrbana-Champaign 


DIELECTRIC  WINDOW 


SCHEMATIC  OF  MICROWAVE  HEATED  THRUSTER 
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PLANAR  MICROWAVE  ABSORBING  PLASMA  PROPAGATING  TOWARD  ENERGY  SOURCE. 
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SUMMARY  OF  EXPERIMENTALLY  MEASURED  GAS  TEMPERATURES 
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EFTICIENT  ICNITIOH  OF  PLASMAS  BY  RESONANT  UV  USER  MULTIPHQTON  EXCITATION 

Andrzej  W.  Mlzlolek 
Bred  E.  Porch 

U.S.  Army  Balliscic  Research  Leboracory 
Aberdeen  Proving  Ground,  MD  21005*5066 

A  new  phenomenon  has  recencly  been  observed  in  our  laboratory  in  which 
Che  threshold  for  laser  plasma  formation  has  been  lowered  significantly  in 
terms  of  the  incident  laser  energy  (ILE)  that  is  required  for  plasma  formation 
from  a  pulsed  laser.  This  phenomenon  is  based  on  uv  laser  resonant  multi- 
photon  excitation  of  atoms  as  well  as  small  molecules  resulting  in  the  effi¬ 
cient  production  of  free  electrons  in  the  laser  focal  volume.  Ue  have  used  ex- 
cimer  lasers,  e.g.  ArF  (193  nm) ,  as  well  as  a  tunable  Nd:YAG/dye  laser  system 
operating  in  the  high  uv  range  (200-250  nm)  to  demonstrate  this  effect.  The 
former  laser  was  used  to  ionize  O2  directly  as  well  as  photofragment  species 
from  simple  hydrocarbons  like  C2H2>  The  latter  laser  was  used  to  ionize  O2  and 
M2O  photofragments  (i.e.  0  atoms)  at  226  nm  as  wall  as  H2  photo fragments  (i.e. 
H  atoms)  at  243  nm.  All  of  our  results  to  dace  have  indicated  chat  most,  if 
not  all,  small  gas  phase  fuel  or  oxidizer  molecules  can  readily  release  free 
electrons  through  efficient  mulciphoton  excitation  schemes  using  a  uv  laser  as 
long  as  appropriate  resonances  have  been  identified  in  advance.  Unfor¬ 
tunately,  resonant  mulciphoton  ionization  is  still  a  field  in  its  infancy.  Be¬ 
sides  lower  values  of  ILE  that  are  required  for  plasma  formation,  uv  laser 
resonant  plasma  ignition  has  an  additional  advantage  over  non-resonanc  ap¬ 
proaches  since  the  plasmas  that  are  generated  can  be  controlled  to  a  much 
higher  degree  in  terms  of  plasma  energy,  especially  in  the  low  energy  end. 
This  means  chat  particularly  strong  laser  driven  detonation  waves  that  may  be 
very  detrimental  to  the  scruucural  integrity  of  the  plasma  engine  can  be 
avoided. 

Figure  1  shows  the  pertinent  energy  level  diagram  for  oxygen  atom 
electronic  excitation.  Shown  is  a  two-photon  resonance  at  226  nm  in  which  the 
absorption  of  a  third  photon  from  the  excited  states  leads  to  ionization. 
Typical  laser  linewidths  (1-2  cm’  )  cannot  resolve  the  upper  states  but 
clearly  resolve  the  three  ground  electronic  spin-orbit  states.  Figure  3  shows 
a  strong  wavelength  dependence  in  the  amount  of  ILE  required  for  ignition  of  a 
premixed  flow  of  H2/O2.  This  same  spectral  dependence  has  been  observed  for 
plasma  formation  in  a  flow  of  room  temperature  ©2  only.  The  wavelengths  of  the 
three  minima  (Fig.  3)  correspond  exactly  to  the  peaks  in  the  two-photon  ex¬ 
citation  of  oxygen  atoms  (Fig.  1).  This  implies  that  plasma  formation  is  a 
function  of  the  case  of  creating  free  electrons  in  the  focal  volume.  Figure  2 
dramatically  illustrates  the  difference  in  ILE  values  necessary  for  plasma 
formation  (since  a  laser  spark  is  necessary  to  ignite  the  reactive  gases), 
using  the  resonance  (226  nm)  and  non-resonance  (532  nm)  approaches. 

In  order  to  ascertain  the  utility  of  this  uv  laser  resonance  plasma  igni¬ 
tion  approach  to  laser  propulsion  applications,  much  work  still  needs  to  be 
done.  For  example,  the  effect  of  pressure  needs  to  be  explored  (all  of  our 
work  has  been  done  at  atmospheric  pressure).  Also,  the  use  of  low  ionization 
additives  so  that  longer  wavelength  lasers  could  be  used  needs  to  be  studied. 

This  work  has  been  supported  by  the  Air  Breathing  Combustion  Program  of  the 
AFOSR  Directorate  of  Aerospace  Sciences. 

1.  B.E.  Forch  and  A.W.  Miziolek,  Comb.  Sci.  and  Tech.,  151  (1987). 
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state  at  which  point  the  repulsive  state  crosses  the  state.  See  .Murrell  and 
Taylor  (726).  From  '^Dissociation  Energies  and  the  Spectra  of  Diatomic  Molecules” 
by  CayduHt  3rd  Ed.  1968t  p.  74.  reprinted  by  permission  of  Associated  Book  Publishers  Ltd. 
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Figur*  3  .10  PotimtM^  •rmgy  diagram  for  O3  compiled  by  F.  R.  Gilmore  (Reference  7). 
[Reproduced  with  permiesioo  of  F.  R.  GtJmore,  The  Rand  Corporation.] 
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FIG.  2.  Ida  of  the  e-tpenment.  For  the  electronic  pound  state  of  HjO  the 
■uciccr  wave  funenons  arc  shown  for  the  vibndonal  pound  and  cadted 
state.  The  L7p  correspond  to  the  IR  eadtaiion  in  the  cipcrimca  L  From  the 
vibradonaJ  jound  state  1  lower  aerjy  is  reached  after  csdtation  with  the 
193  nia  lijht  than  from  the  vibndonaJly  cxdted  state.  The  scattcrin j  wave 
ftincdon  is  shown  for  both  eases.  At  the  rijht  side  the  ahsorpdon  of  HjO  in 
the  ftnt  band  in  the  YUV  is  shown. 
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LASER  PROPCLSIOH  WORKSHOP  ATTENDANCE  LIST  ' 
8-10  February  1988 

University  of  Illinois  at  Urbana-Champa ign 
Urbana  IL  61801 


Dr  William  F  Bailey  Dr  Robert  beddini 

AFIT/ENP  Univ  of  Illinois 

Wr ight-Patterson  AFB  OH  45433-6583  AAE  Department 
(513)255-4498  104  South  Mathews  A  anue 

AV785-4498  Urbana  IL  61801-2997 

(217)333-4239 


Dr  Mitat  A  Birkan 
AFOSR/NA 

Bolling  AFB  DC  20332-6448 

(202)767-4938 

AV297-4938 


Mr  David  Byers 

NASA  Lewis  Research  Center 

M?  500-219 

21000  Brookpark  Road 
Cleveland  OH  44135-3127 
(216)433-2447 


Dr  Bish  Ganguly  Dr  S  M  Jeng 

AFWAL/POOC-3  University  of  Tennessee 

Wr ight-Patterson  AFB  OH  45433-6523  Space  Institute 
(513)255-2923  Tullahoma  TN  37388 

AV785-2923 


Dr  *Uordin  Kare 
Building  197/  Room  1020 
Lawrence  Livermore  Nat'l  Lab 
P  0  Box  808 
Livermore  CA  94550 
(415)423-8300 


Dr  Herman  Krier 
Dept  of  Mechanical  and 

Industrial  Engineering 
University  of  Illinois 
Urbana  IL  61801 
(217)333-0529 


Dr  Jyotirmoy  Mazumder 
Department  of  Mechanical  and 
Industrial  Engineering 
University  of  Illinois 
Urbana  IL  61801 
(217) 333-1964 


Dr  Dennis  Keefer 
University  of  Tennessee 
Space  Institute 
Tullahoma  TN  37388 
(615) 455-0631 


Dr  Ja  H  Lee 

NASA  Langley  Research  Center 
M/S 49 3 

Hampton  VA  23665 
(804)865-4332 


Dr  Franklin  Mead 
AFAL/LK 

Edwards  AFB  CA  93523-5000 
(805) 275-5540 
AV525-5540 


Dr  Charles  L.  Merkle 
205  ME 

Pennsylvania  State  University 
University  Park  PA  16802 
(814)863-1501 


Dr  Andrzej  W  Miziolek 
Ballistic  Research  Laboratory 
AMXBR-IBD 

Aberdeen  Proving  Gnd  MD  21005- 
(301)278-6157 


Dr  Michael  M.  Micci 
233  Hammond  Building 
Pennsylvania  State  University 
University  Park  Pa  16802 
(814)863-0043 


Lt  Col  Homer  Presley 
AFAL/LK 

Edwards  AFB  CA  93523-5000 

(805)275-6530 

AV525-5630 


Dr  Tom  York 

Department  o£  Aeronautics  and 
Astronautics 

The  Ohio  State  University 
Colimbus  OH  43212 
(614)292-7354 


University  of  Illinois 
at  Urbana-Champaign 

WORKSHOP  AGENDA 
(Revised  02/05/88) 


1.  HONOAY  -  February  08,  1988:  [Conference  Roo«  105  M.E.  Lab] 

1:00  -  1:30  INTROOUCTIOHS/HISCELLANEOUS  INFORMATION; 

Or.  Herman  Krier  and  Dr.  Mi  tat  Bi  rlcan 

1:30  -  2:00  Prof.  Dennis  Keefer:  History  of  AFOSR  and 

Marshall  (NASA)  Involvement  in  Laser  Propulsion 

2:00  -  2:40  Prof.  Dennis  Keefer:  Current  Experimental 

Research,  University  of  Tennessee  Space  Institute 

2:40  -  3:00  BREAK 

3:00  -  3:40  Prof.  Herman  Krier  and  Prof.  Jyoti  Mazumder: 

Current  Experimental  Research,  University  of 
Illinois  at  UrbaMa>Champai gn 

3:40  -  4:00  Or.  David  Byers,  NASA-Lewis  Research  Center: 

NASA  Advanced  Propulsion  Goals 

4:00  -  4:30  Or.  Herman  Krier:  Design  of  Laser  Propulsion 

Thruster  (Combustion  Sciences,  Inc.) 

(SOIO  funded  project) 

4:30  -  5:30  DISCUSSION 

7:30  -  9:30  DINNER;  Jumer's  Castle  Lodge  (Urbana) 


2.  TUESDAY  -  February  09,  1988;  [Conference  Room  105  M.E. Lab] 

8;30  -  9:00  DISCUSSION:  Review  of  Dr.  Birkan's  Questions 

9:00  -  9:20  Prof.  Charles  Merkle,  Pennsylvania  State 
University:  Modeling 

9:20  -  9:40  Prof.  S.  M.  Jeng,  University  of  Tennessee  Space 
Institute:  Modeling 

9:40  -  10:00  Prof.  Robert  Beddini,  University  or  Illinois  at 
Urbana-Champaign:  Modeling 

10:00  -  10:15  BREAK 
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WORKSHOP  AGENDA  [Continued] 
(Revised  02/05/88) 


10:15  - 

11:00 

Or.  Jordin  Kare,  Lawrence  Livermore  Laboratory: 
Pulsed  Laser  Propulsion 

11:00  - 

11:30 

Or.  Ja  H.  Lee,  NSAA-Langley:  Lasers  Available 

11:30  - 

NOON 

DISCUSSIONS 

12:00  - 

1:00 

LUNCH  -  mini  Union;  Colonial  Room 

1:00  - 

1:15 

Walking  Tour  -  Central  Campus 
(Weather  Permitting) 

1:15  - 

2:00 

Laboratory  Demonstration;  10  kW  CU  Laser 
(Talbot  Laboratory) 

2:05  - 

2:30 

Prof.  Michael  M.  Micci 

Pennsylvania  State  University 

2:30  - 

3:00 

(To  Be  Announced) 

3:00  - 

5:00 

OISCUSSION:  Research  Programs  Needs 

3.  WEDNESDAY  -  February  10,  1988:  [Conference  Room  105  M.E.  Lab] 

8:30  -  Noon  Or.  Mi  tat  Bi rkan  will  lead  discussions  and 

questions;  continuation  of  previous  afternoon's 
discussions. 


Invitees  (remaining)  will  be  given  transportation  to  Willard  Airport 
for  return  flights. 


